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FOREWORD

The problem of scientific communication at large congresses

presents a challenge, in response to which the organizers of the

Second International Congress of Radiation Research employed

*_--u_rapporteur _11_---_k-Jutuufor _'--L,,epresentatioli of at_out..... nalI the

proffered papers. Each Rapporteur reviewed a group of related

papers. This volume contains the Rapporteurs' reports on some

300 papers, and summaries of the discussions to which the reports

gave rise. In a unique way, therefore, it presents the thought of

several hundred leading scientists, drawn from over forty countries,

on twenty-five topics broadly representative of the advancing
frontiers of radiation research.

It is a fine tribute to the quality of both the reports and the

discussions that some nine hundred copies of this volume were

sold in advance to Members at the Congress. It is no less a tribute

to the original research which formed the basis of the reports, and

I should like to offer my personal thanks to the authors for the

self-effacing manner in which they entered into the spirit of the

rapporteur experiment.

I think this volume is remarkable not only for its contents but

for the speed with which it has been published. This has only been

achieved by the very close cooperation between the Contributors,

the Editors, and the North-Holland Publishing Company, to all

of whom we offer our congratulations. The Editors deserve our

special thanks for their part in the preparation of this volume.

During the five days of the Congress, which began with messages

from two of our Honorary Presidents, Dr. Bugher and Professor

Kuzin, and the Opening Address by Lord Adrian - a characteristic
blend of wit and wisdom - and which ended with the remarks of

Dr. Hollaender at the Closing Ceremony, much was said that

was memorable but cannot be recorded in this volume. Happily,

however, it has been possible to include an historical sketch of

the development of radiation research which was given by Dr.

Hollaender in reply to the Chancellor of the University of Leeds

on behalf of the four Congress Members upon whom Her Royal

Highness The Princess Royal had conferred the Degree, Doctor of

Science, honoris causa.
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FOREWORD

At the outset we were greatly disappointed when ill health

robbed us of the presence of our senior Honorary President,

Professor George de Hevesy, to whom the Officers and Editors

respectfully dedicate this volume, as a token of our affection and

of our esteem for his outstanding contributions to radiation re-

search.
L. H. GRAY

British Empire Cancer Campaign

Research Unit in Radiobiology

Mount Vernon Hospital and The Radium Institute
Northwood

Middlesex

(PRESIDENT)

January 1963
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ACCEPTANCE SPEECH

_yALEXANDER HOLLAENDER

.uJulu_y Division_ l_.iutSc .L'_ttlUllal _aooratory, uag r_mge, Tenn. (U.S.A.)
(Operated by Union Carbide Corporation for the

U.S. Atomic Energy Commission)

(On occasion of Conferment of Honorary Degrees, Doctor of Science honoris

causa to Louis Harold Gray, Alexander Hollaender, Alexander Mikhaj-

lovich Kuzin and Raymond Latarjet)

Your Royal Highness and Chancellor, Members of the Faculty,
Ladies and Gentlemen:

We feel highly honored to be given Honorary Degrees on this
great occasion.

As you probably know, several of us have approached the pro-

blem of radiation research from a physical or physicochemical

point of view, though not all of us have received Physics or Physical
Chemistry Degrees. We therefore feel especially honored to receive

the Degree from a University which for many years has been and

now is so outstanding in physics and physical chemistry and,
especially in the last decade or so, in radiation chemistry. These

fields form the foundation stones of radiation biology.

It is interesting to follow the path that radiation research has

taken during the past 30 years. With the increasing understanding
of basic phenomena in the nuclear science field, interest in radiation

biology was reawakened. Physical approaches have been and are
being used extensively with great succes in the interpretation of

effects in radiation biology. However, it has become more and more

obvious, especially during the past 10 or 15 years, that radiobiol-
ogy will require also a broad interpretation from the chemical

point of view. This attitude has, as you know, taken hold of us

very strongly during the last few years and changed our outlook

on the mechanism of radiation effects. Modern developments in

biochemistry and molecular biology have given us a much broader

point of view in looking at living cells, seeing how they function,

how they maintain their status, how they protect themselves against
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environmental factors, such as radiation, and how theyrepair damage.

These are points of view which have emerged very strongly during

the past 20 years. Even in the late Thirties and early Forties, the

mention of repair mechanism in living cells was regarded as rather
unusual and not considered essential enough to be mentioned in im-

portant reviews. It is only with the new developments in these fields,

which are being brought out so strikingly in so many papers at this

Second International Congress of Radiation Research, that we

feel we are getting closer to an understanding of how radiation
affects living ceils.

What are the fields necessary for the radiation biologist to have

at his finger tips to be able to follow these developments? He has
to be well-versed in physics and in chemistry. He has to be in

contact with the newest developments, especially in biochemistry,

which have made possible so many strikingly new interpretations

of the function and structure of the nucleic acids, the physical and

chemical structure of chromosomes and genes, as well as of a
variety of cytoplasmic particles. The new developments in our

knowledge of the transfer of information from the nucleus to the

cytoplasm which is involved in nucleic acid and protein synthesis

have opened entirely new fields and ways of looking at biology.
These developments have not only influenced radiation research,

but radiation research has often opened the way for these advances.

Radio- and stable isotopes have made possible investigations which

were formerly impossible. What would our status be in these fields
without advances in modern chemical genetics which were ini-

tiated by mutations produced and analyzed by radiation? The

development in our understanding of genetic coding, which has

become so important in the last few months, would have been
impossible without the progress made in radiation biology. Devel-

opments in biology have often to wait for new advances in physics

and chemistry. The new and very elegant biochemical tools, like

the special mutations in microorganisms and viruses with highly

specific properties, have helped extensively the new advances in
molecular biology.

Radiation research also has given the immunologist, the radiol-

ogist, the cancer investigator many modern tools that have helped
in interpreting medical problems, as well as in developing thera-
peutic methods. Let me follow this thread in a different direction.
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Today we know more about the effects of radiation on living cells

than of almost any other agent. And not only the effects on cells,

but on living organisms in general. This became obvious to me

when a survey was made on chemical mutagenesis. It turned out

that radiation mutagenesis actually leads the way in the develop-

ment of this important field, which is becoming more and more

importa_lt with the wide use of insecticides, of food additives, and

certain types of medicine. Here the new advances lie in directions

pointed out by radiation research, and it looks again as if the

systematic and thorough investigation of a fairly narrow field like

radiation research has produced tools and approaches and ways

of following things which will be most useful in the field of cancer,

toxicology and in developmental biology.

Several of these areas have been approached in a routine manner

by screening compounds for their effectiveness, whereas they

should have been developed by studies on the mechanism of the

function of such compounds. Here radiation studies, as exem-

plified by many papers at this Congress, can point the way. The

new developments in genetics, cytology, biochemistry, and physio|-

ogy- the most important research in radiation chemistry, the

new thrilling approach to radiation absorption and measurement,

and isotope developments - all these different fields brought

together have helped to advance science in many ways, and not

the least in the peaceful application of atomic energy. A survey of

the abstracts of the more than 700 papers given at this congress

is most impressive. They illustrate the productive cooperation

between physicists, chemists, biologists, and medical investigators.

This congress is indeed an excellent demonstration of peaceful

cooperation of the scientists from the 40 nations represented at

this meeting.

Development in sciences that border on radiation biology, which

is beautifully illustrated in the development of basic science at

the University of Leeds, has given us the interpretation and ap-

proaches which are so very important to modern biology. The dis-

covery of a new method of crystal analysis, without which the new

concept of the structure of nucleic acid would not be possible, was

made here at the University of Leeds by Professor William Bragg

many years ago. The physical chemistry necessary for modern

approaches to biology has been developed most impressively here
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at the University of Leeds. Again, I want to say how much we

feel honored to receive Honorary Degrees from a University which

has played such an important role in these fields that border on,

and strongly support, research in modern biology.
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PREFACE

This book contains the twenty-five reports given by Rapporteurs

at the Second International Congress of Radiation Research at

Harrogate, Yorkshire, August 5-II, 1962. Following each Rappor-
teur's report is an account, written by a Discussion Secretary, of

the discussion which took place after the report.

The Association for Radiation Research proposed in 1959 that

the Second International Congress of Radiation Research should
be held in Great Britain. At the same time it was decided to devote

a large part of the Congress time to the Rapporteur method as an

experiment in scientific communication. The subjects for the Rap-

porteur sessions were chosen to represent the growing point s of
radiation research as defined by the scientific material submitted

to the Congress. The Rapporteurs were selected from workers in

this country and were given a number of papers to summarize

and present in a way which would be comprehensible to a non-
specialist audience.

Over three hundred papers are included in these reports. It is

our duty to point out to the reader that the scientific content of

this book is almost entirely based on these papers, and that the
Rapporteurs acted as reviewers of current research in progress.

We would like to express our thanks to all the Rapporteurs and

Discussion Secretaries, whose promptness in completing their

manuscripts has made possible the early publication of this book,

and to acknowledge the cooperation and help of the publishers

towards the same purpose.
MICHAEL EBERT

ALMA HOWARD
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LINEAR ENERGY TRANSFER
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M.E. : Medical Research Council, Hammersmith HospitaI, Ducane Road, London,
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h) G.J.NEARY,J. R. K. SAVAGE, H. J. EVANSand J. WHITTLE,
Limiting values of the RBE of fast neutrons and gamma rays at low dose
rates.

Medical Research Council, Harwell, Didcot, Berks., Great Britain
i) L.D. SKARSGARD,

A comparison of some of the biological effects of heavy ions and X rays on
mammalian cells.

Biophysics Departnvmt, Yale University, New Haven, Connecticut, USA
G. F. WHITMOREand D. O. SCHNEIDER,
Comparative effects of neutrons and X rays on mammalian cells.
Ontario Cancer Institute, 500 SherbourneStreet, Toronto, Ontario, Canada

J)

1. INTRODUCTION

The subject of this, the first of the rapporteur sessions, is the signifi-

cance of radiation quality in radiobiological studies, radiation qual-

ity here being defined by Linear Energy Transfer, or LET, as

the mean rate of energy loss along the paths of the ionizing par-

ticles. One reason why LET and the related subject of RBE were

chosen for the first session was clearly because Linear Energy Transfer

and Relative Biological Effectiveness are both basic concepts in

radiobiology. Another reason was, I suspect, because the terms

LET and RBE can themselves express very well the philosophy

behind the rapporteur session:

Let Everybody Talk?

No!

Rapporteurs for Bare Essentials.

That, at least, is the theory, but only the rapporteur who has had

to summarize papers so full of information and thought as the

present ones will recognize just how bare the essentials have to be.

Over the last few years there have been many developments,

experimental and theoretical, in our understanding of the biologi-

cal significance of LET and its exploitation in the study of biologi-

cal mechanisms. One reason is the much wider range of radiations

now available. In the present series of papers the LET values used

range from 0.2 KeV//_, using high energy electrons, to 2000 KeV//_

1:I



LINEAR ENERGY TRANSFER 3

using accelerated argon ions. Another very important reason has

been the improvement in techniques and precision of dosimetry

with the particulate radiations, so that much of the previous uncer-

tainty in dose values has been removed.

A major factor, however, has been the development, initially by

Puck 1) and his colleagues, of the culture techniques which allow

quantitative studies on mammalian ceil survival. This has greatly

extended the range of biological materials for which dose-response

curves can be determined over a wide range of dose levels. If full

advantage is to be taken of the range of radiation qualities available

it is not sufficient to make single determinations of RBE. The whole

dose-response curves have to be compared over a wide range of
radiation conditions.

Ten of the twelve papers given in the programme for this session

have been made available in full for this report. The main areas of
work covered are:

(i) comparison of dose-response curves for a range of LET values

and with a variety of biological materials, including a number of

types of mammalian cells in culture, plant material and bacteria.

(ii) the modification of these curves by various factors, including

fractionation and protraction of the radiation dose, degree of oxy-

genation and culture conditions.

2. LET DEPENDENCE OF DOSE-RESPONSE CURVES

Work already published on plant and mammalian material has

established the general principle that, when there is a difference in

shape of the dose-response curves for radiations of different LET,

the curve for the high LET radiation is more nearly exponential

than that for the low LET radiation. However, there is little pub-

lished work on the detail of how the shape of the curve varies with
LET.

In the present series the paper of Fowler, Bewley, Barendsen and

Waltert), gives dose-response curves for a range of LET values from

5 to 140 KeV//_, for survival of a culture of T-1 cells, kidney cells

of human origin. These are shown in Fig. 1. The curves for the three

highest LET values, 140, 85 and 60 KeV//_, obtained with o_ radia-

tion, are exponential within experimental error. Thereafter, with

reduction in LET, a shoulder begins to develop on the curve. One

consequence of such a change in shape of the curves is that, for any

15
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Fig. 1. Dose response curves for

T1 cells. LET values in KeV/ff

given on curves. (Fowler,

Bewley, Barendsen and Walter.)

two radiations, the RBE will not have a constant value but will

increase as the dose is reduced, except when both curves are expo-

nential. Fig. 2, taken from the same paper, shows how the RBE

value relative to that for 250 KVp X rays varies with LET for differ-

20/o, 50/0ent levels of radiation damage (corresponding to 80%, o/

and 0.5% survival).

The LET value for maximum RBE is an important parameter

for estimation of "target size". In these experiments the LET value

for maximum RBE would appear to be about 100 KeV/ff, but is
somewhat uncertain because it is at the extreme end of the LET

range used.

Studies up to much higher values of LET are reported by

8t
64

_4-
13fi "

2-

'"_ 80O/o

.survival

x_'"_ 20O/o

o o,o
x ///" survival

0 ...... , , , ,,,,,ol ........ 4 ....... _b ' loo _ooo
LET (KeV/;a OF TISSUE)

Fig. 2. RBE values for T 1 cells for different levels of radiation damage, as indicated

on the curves. (Fowler, Bewley, Barendsen and Walter.)
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LINEAR ENERGY TRANSFER 5

Skarsgardi), who has studied the response of Chinese hamster cells

in culture to irradiation from X rays (LET 2 KeV//z) and to accel-

erated heavy ions up to a maximum LET of 1950 KeV/_, for argon
ions. The RBE-LET relationship found for cell survival and for

mitotic delay is shown in Fig. 3. For cell survival the peak RBE

occurs at an LET of between 100 and 200 KeV/_. It will be

seen that both RBE values and LET values tbr peak RBE are dif-

ferent when mitotic delay is the end-point. I will return to this
result again later.

5

4

w3
m

2

1

Mitotic delay

\.Sorv,vo,

X-ray He C O """_ A

A i , , i _ i i i I _ Ai i I I Af i t

10 IO0 1000

LET (KeV/,u)

Fig. 3. Relationship of RBE and LET for mitotic delay and survival in Chinese

hamster cells CH2B2. (Skarsgard.)

A basic question, in any review of radiation quality, is how far

radiation quality can be adequately characterized by the mean

LET, and whether two different types of radiations will necessarily

have the same biological effect because they have the same LET.

This, and the question of what precisely is meant by "mean LET",

are not specifically the subject of any of the papers contributed.

However, Berry and Andrewse), in their studies of the response of

mouse lymphatic leukaemia cells, irradiated and assayed in vivo,

have employed two very different types of radiation but having the

same mean LET of about 0.5 KeV//_. One was 60Co 7 radiation

and the other accelerated protons of 340 MeV energy in the plateau

region. They found similar values, not only of RBE, but also of

the oxygen effect. A further demonstration of the significance of

LET was their finding, in vivo, of different RBE's for the same

accelerated o_ beam, depending on whether the plateau region or
the Bragg peak was used.



6 L.F. LAMERTON

3. LIMITING VALUE OF RBE

When the dose-response curves vary with LET in the way shown

in Fig. 1, one may ask whether the RBE of high LET to low LET

radiation will increase indefinitely as the dose is reduced, or will

reach a limiting value. This is a matter of considerable theoretical

interest, as well as of practical importance in radiation protection.

On a target theory the interpretation of the change in shape of

dose-response curve with LET is that the passage of a single ionizing

particle through the target is sufficient to produce the effect for

high LET radiation, whereas more than one passage may be

required for low LET radiation. If, for the low LET radiation,

more than one passage is always required, the RBE of high to low

LET radiation will increase indefinitely as dose is reduced. How-

ever, if there is a finite, though perhaps only small, probability that

the effect can be produced by a single passage with low LET radia-

tion, there will be a limiting value of RBE, given by the ratio of the
coefficients of the linear dose terms for the two radiations. On a

simple target theory one would expect this limiting value of RBE

to apply to very low doses at any dose rate and, if repair mechanisms

operate between successive passages, for low dose rates at any total

dose level. As a number of the present contributors point out, experi-

ments to test this involve many difficulties, because of the low

doses or long exposure times needed.

However, Neary, Savage, Evans and Whittle h) present, in their

paper, a study of this problem based on chromosomal aberrations

in Tradescantia microspores, using 60Co 7 rays and 3 MeV fast

neutrons as the radiation sources. They have analysed the

dose-response data for short exposures and for exposures up to 48 hr

and have computed the coefficients of the linear dose terms and

square dose terms. The conclusion is that there is a linear term for

the low LET radiation, but much smaller than that for the high

LET radiation, so that the limiting values of RBE are high, as

shown Table 1. These RBE values are much higher than those

that have been previously reported for Tradescantia.

Several of the contributors working on survival of mammalian

cells in culture conclude that here also the RBE has a limiting

value. Barendsen and Waltera), in their paper on the response of

T-1 cells, use their data on X ray fractionation to infer the limiting

18



LINEAR ENERGY TRANSFER

TABLE 1

Extrapolated RBE values for combined aberrations in Tradescantia

95 per cent

RB _ r,^___, .....

Limits

Ncutrons, 0.7 MeV mean

Long (24 and 48 hr) and gamma 87 46 to 570
Exposure

rays (48 hr)

Neutrons, 3 MeV mean

Long (7 hr) and gamma rays 52 29 to 220

Exposure (48 hr)

Neutrons, 3 MeV mean

Short (20 rain) and gamma 24 11 to 1000
Exposure

rays (10 min)

(Neary, Savage, Evans and Whittle.)

curve for low doses and dose rates. For a rays of 3.4 MeV energy

to X rays, their results would indicate a limiting RBE for low dose

rates of about 12, under anoxic conditions. Under oxygenated con-

ditions the limiting RBE might be much less than this. There is

much uncertainty in these values but, nevertheless, they would

appear to be much lower than those for Tradescantia.

In general, and not only for low doses, the RBE values found

for mammalian cells seem to be considerably less than those found

for plant material, as has been pointed out by Alper2). This sugges-

tion is supported by the results of Barber and Eberte) on plant

material, who in their paper give RBE values based on growth and

survival of the seminal roots of barley. The radiations used were

_×

0 1O0 150

NEUTRON DOSE (rQd)

× Expt. 1/60

o Expt. 4/60

[] Expt. 5/61

/k Expt. 34]60

Fig. 4. RBE of fast neutrons

compared with 1.2 MeV X rays

for the growth rate and survival

of seminal roots of barley. Aerobic

irradiation. (Barber and Ebert.)
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8 L.F. LAMERTON

1.2 MeV X rays and 2 MeV fast neutrons. Fig. 4 shows some of

their data. The RBE values (for oxygenated conditions) are higher

than those reported for mammalian cell systems and a higher value

than 11 might well be obtained at dose levels lower than those
used. For anoxic conditions one would expect these values to be

further increased.

4. DOSE-RESPONSE CURVE FOR ANTHRAX BACILLUS

Compared with the mammalian and plant data the studies of Alper,

Bewley and Fowler b) on bacteria (using B. anthrax) show a very

different form of LET response. In fact, they show no LET effect

ld 1

g

Ix.

t9 -2
710

>

g
q)

i r i I i I t I i I

0 2 4 6 B 10

DOSE rod xlO 4

Fig. 5. Survival of germinated

spores of B. aathrax after irradia-

tion. (Alper, Bewley and Fowler.)

+ - -- × ..... Separate runs with

27 MeV a-particles.

• ..... 5.2 MeV 0_ particles.

at all, as illustrated in Fig. 5, for survival of germinated spores,

where points corresponding to LET's of 0.2, 24.6 and 85.8 KeV//_

all fall on the same curve. For dormant spores it was found that

each of the radiations used was eight times less effective than for

germinated spores.

These results are very interesting not only from the point of view

of interpretation; they are also a tribute to the precision of the

dosimetry. An RBE of unity for all dose levels would imply, on a

target theory, that the radiation sensitive structure in the organism

was very thin, less than the ion cluster spacing of the most densely

ionizing radiation used. A thickness of less than 10 Angstrom units

is indicated and this, together with inferences from the magnitude
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of thc inactivation dose for the low LET radiation, would suggest

that the lethal damage occurs at an interface.

5. POSSIBLE QUALITATIVE DIFFERENCES IN RESPONSE AND

EFFECt Ole MODIFYING FACTORS

Several of the contributors ask whether one should regard the

effect of high and low LET radiation as being different in nature

as well as in degree. The work of Alexander and Mikulski a) shows

some interesting differences in the response of a mouse lymphoma

cell culture to o_ radiation (from a radium source) and 200 KV

X rays. The dose-response curves followed the general pattern,

being exponential for the a radiation and having an initial shoulder

for the X rays. However, after X rays the damaged cells appeared
to divide once before death, whereas after a radiation there was no

evidence of further division of the damaged cells. Another example
of difference concerned a mutant strain of cell which was isolated

from the culture. For X rays the mutant was found to be 21 times

as sensitive as the original strain, but for a rays the dose-response
curves were identical.

Such effects can perhaps be explained on a difference in magni-
tude of the initial effect rather than on a difference in nature. In

other words, the passage of an a particle track does considerably

more than the minimum damage required for cell death. For less

densely ionizing radiation, however, the LET range available spans

the range of energy requirements for various end-points.

The results of Alexander and Mikulski are a good example of

the very general principle discussed by Quastler a) that high LET

radiation is always less, or at best equally, selective than low LET

radiation, implying that when factors such as dose rate, dose frac-

tionation, oxygen tension and other physiological conditions have

an effect, it will be less with high than with low LET radiation.

This is clearly an important generalization for the therapeutic

applications of high LET radiations, and it is very necessary to
obtain quantitative information.

So far as dose fractionation is concerned, the principle is con-

firmed by Fowler, Bewley, Barendsen and Walter, who found no
effect of dose fractionation with 0_ radiation on their cultures ofT-1

cells. The fractionation effect found with X rays on mammalian

cell cultures, and studied so comprehensively by Elkind and his
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colleagues4), can be explained, on target theory, by repair processes

between successive "hits". One very important question is whether
a fractionation effect can be observed whenever there is an initial

shoulder on the dose-response curve, even when this occurs with
relativel_r high LET radiation. If no fractionation effect were found

with the higher LET radiations it would suggest a difference in

the nature of the initial cell injury.

Whitmore and SchneiderJ) report that the fast neutron dose

response curves for survival of H1 (Chinese hamster) cells show an
initial Shoulder, but fractionation studies gave no indication of

repair, at least over a period of 2 hr. This differs from the result

obtained by Hornsey and Silini_) in previously published work. In
studies with mouse Ehrlich ascites tumour cells, using X rays and

fast neutrons of LET about 20 KeV/#, they found no difference in

shape of survival curves, and the same rate of recovery in frac-

tionation experiments. Hornsey and Silini are joint authors with

Fowler, Morgan, Bewley, Silvester and Turnerg) of a paper pre-

sented in this session, where they irradiated the skin of pigs and
used, as criterion of effect, the severity of the second phase of the

erythema. They found a higher RBE for fast neutrons relative to

X rays for fractionated doses than for single doses (3.3 against 2.5),

indicating a difference in recovery capacity between the effects of
high and low LET radiations perhaps associated with a difference

in shape of response curve. The authors discuss various reasons for

the difference between response of the ascites tumour cells and the

skin of the pig. It is evident that there are a number of unanswered

questions on the relationship between fractionation effect and shape
of dose-response curves for radiations of different LET.

With regard to the modification of response by change in oxy-

genation of the system there is substantial agreement between all

the workers in the present group who have studied the problem.
The oxygen enhancement ratio, that is, the increase in effectiveness

of a given dose of radiation from anoxic to oxygenated conditions,

is found to be greater for low LET than for high LET radiation,

and Fig. 6 summarises the data from Barber and Ebert; Berry and
Andrews; Barendsen and Walter; and Whitmore and SchneiderJ).

For some of these points I have had to make a rough estimate of
the LET value.

Barendsen and Waiter suggest that the effect of anoxia might be

22
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to render ineffective some 20 to 30°,/o of the ionizations produced.

This will reduce the effective LET of the radiation, and the biologi-
cal significance of such a reduction would be much more serious

for low than for high LET radiation, which could explain the ob-
served difference in response to anoxia. A similar mechanism could

hold for chemical protectors.

The results on dose fractionation and on the oxygen effect repre-
sent, in the main, two different aspects of the lower selectivity of
high LET radiation, the dose fractionation effect concerned with

repair and the oxygen effect mainly, at least, with the magnitude
and perhaps nature of the initial damage. A more general demon-

stration of the principle is given by Barendsen and Walter, who

find that the culture conditions, including time between plating

and irradiation and the temperature, and also the action of cystein-
amine, modify the shape of the X ray curve much more than that
of the 0_ray curve.

If the LET data are to be used for the elucidation of radiation

mechanisms and for estimates of "target" size, reproducibility of
the dose-response curves has to be adequate. Whitmore and Schnei-

der mention that, in cell culture studies, the addition of 104 heavily

irradiated "feeder" cells per ml of medium greatly improves the

reproducibility from experiment to experiment, particularly with
regard to the final slope of the curve.

6. ELUCIDATION OF MECHANISMS

"Target" size calculations for mammalian cells present many com-
plications. In this series of papers, such a calculation has been

attempted by Fowler, Bewley, Barendsen and Walter but, as they
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show, it needs a detailed knowledge of the change in shape of the

dose-response curve over a wide range of LET values, and also

involves assumptions concerning the definition of LET and, in

particular, the extent to which delta rays shall be included in the

estimate of the LET value.

Such complication is not required if one's interest is the com-

parison of the underlying mechanisms of different biological effects.

Here a straight comparison of RBE values will give useful informa-

tion; a difference in RBE will indicate a difference in mechanism,

while the same RBE may be a strong indication of similar basic

mechanism. This is the approach of Whitmore and Schneider in

their paper.
These authors, however, make use of a new definition of RBE,

which is the ratio of the slopes of the dose-response curves at a

given level of response. From the point of view of interpretation of

mechanisms they feel that this has advantages over the definition

normally used. It implies that the RBE of two radiations will have a

constant value in the region where the shapes of the dose-response

curves are the same, which for mammalian cell survival corre-

sponds to that of effective linearity at the higher dose levels.
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Fig. 9. Mitotic delay in hamster fibroblast cells (cell line H1). (Whitmore and

Schneider.)

They have studied several species of mammalian cell and have

found RBE values, under their definition, for cell survival, for the

production of abnormal anaphase figures and for mitotic inhibi-

tion. Their results for H1 cells are shown in Figs. 7, 8 and 9. The

authors conclude that the mechanism which produced the loss of

proliferative capacity is chromosomal in nature. They suggest that

the radiation damage which causes mitotic inhibition may not be

the same as the damage which leads to the loss of the ability of a

cell to proliferate indefinitely. This is also the conclusion from the

work of Skarsgard discussed earlier, who showed that the curves

of RBE against LET had a different shape for cell survival and for

mitotic delay.
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DISCUSSION

N. M. BLACKETT

Physics Department, Institute of Cancer Research, The Royal CancerHospital, Clifton Ave.,
Belmont, Sutton, Surrey, Great Britain

Powers (Argonne Nat. Lab., Ill., USA) pointed out that for dry bacterial

spores the killing efficiency of radiation is the same with increasing

LET up to 200 KeV/# for the oxygen dependent part of the effect,

but it increases for the oxygen independent part of the effect. It is

this increase which gives rise to the decrease in the oxygen enhance-

ment ratio. He also observed that up to 200 KeV/# the free radical

production is constant but then falls with increasing LET up tO

that produced by neon ions.

Since the rapporteur's remarks might be interpreted to indicate

that the influence of modifying factors was always reduced with in-

crease in LET, Tobias (Donner Lab., Univ. Cal., USA) quoted two

exceptions. The induction of certain specific mutations remains

oxygen dependent over the range of LET studied, although cell

survival is only slightly oxygen dependenO). Also glycerol shows a

dose modification factor of about 2 in haploid yeast cells, which is

maintained over the whole range of LET studied2). It appeared as

if certain types of damage associated with chromosome breaks were

dependent on LET in contrast to certain mutations which were

LET independent. Barendsen a) felt that the explanation for the

different effectiveness of glycerol in either yeast cells or mammalian

cells may be found in the different shape of the survival curves. The

yeast cells quoted showed exponential survival curves whereas
mammalian cells had an initial shoulder.

Tobias further pointed out that the delta rays associated with

the densely ionizing tracks give a relatively low LET. These delta

rays could induce mutations in the surviving cells and this would

be oxygen dependent.

In connection with the problem of the initial slope of dose

response curves, Alper b) stressed the importance of using homogene-

ous cell populations in which all cells had the same sensitivity.

Heterogeneity could account for a variety of initial slopes. Elkind

(Nat. Cancer Inst., Bethesda, Md., USA) indicated that the question

of the initial slope was of importance in determining the extent of
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recovery at very low dose rates, and asked Barendsen whether he

had any experimental data concerning this point. Barendsen replied

that he had given fractionated irradiation in 3 to 4 fractions at 3
to 4 hr intervals and had obtained a survival curve which was

parallel to the single exposure curve up to a dose of about 300r.

This suggested a linear component of the survival curve at low

doses.

Wolff (Oak Ridge Nat. Lab., Tenn., USA) suggested that the in-
crease in RBE at low doses occurred because the contribution of

"two hit" events to the total damage produced by X rays is small

for low doses. In addition there is recovery between hits at low

dose rates leaving predominantly the "one hit" effect which is dose

rate independent and which predominates in high LET radiations.

This would also reduce the oxygen effect.

Neary h) said that at low doses it is probably not adequate to

consider X or gamma radiation simply as low LET radiation. This

was relevant to rapporteur Lamerton's comment on the RBE at

low doses for anaerobic conditions where he suggested that under

aerobic conditions the RBE would be less because of the oxygen

modification factor. Neary said that he and Savage had looked at

the dose modification factor of oxygen for chromosomal damage at

low doses in Tradescantia microspores. They found that the

oxygen factor was very much smaller than in the normal range

of doses. This probably had to be attributed to delta rays or to the

high LET portions of the spectrum with X or gamma radiation,

as the fraction of the total dose associated with high LET was of

the right order to account for the extrapolated RBE found in this

system. It thus seemed that there was little qualitative difference

at low doses or dose rates between the effects of low and fairly

high LET radiations and the large values of extrapolated RBE

observed were probably the ultimate maximum values.

Butch (Univ. Leeds, Great Britain) entered a plea that when-

ever average values for the LET of a particular radiation are

quoted, the method of determining the average should be stated.

The average could be calculated in several ways and under

extreme conditions different methods could vary by a factor of 50.

Quoting average LET values tended to obscure the fact that any

particular radiation produced a range of LET's.

Szybalski (McArdle Lab., Univ. Wis., USA) asked why Alexander
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andMikulskia)hadinterpretedtheirdataonthebasisof two different

mechanisms and why DNA was not considered to be the target.

Could one not have two different mechanisms operating on the

same molecule; for instance, with low LET the breaking of one

strand of DNA and with high LET the breaking of both strands,

the target in each case being the same?

Alexander gave two reasons for thinking that damage to DNA

was not the main cause leading to cell death. Using a model system,

DNA in vitro, he had found that X rays did rather more damage

to DNA than did alpha rays. Miss Alper added that this was also

true of bacteriophage which is predominantly DNA and in a more

biological form than DNA in an in vitro chemical system.

The second reason was that, with the mutant strain of lymphoma

cell which he had isolated, the sensitivity to X rays was 2½ times

greater in one strain than in the other, in spite of both cell types

being diploid and having the same DNA content per cell; also

DNA extracted from both types of cell after irradiation showed the

same kind of damage. However, it is possible to explain this dif-

ference by means of a repair mechanism.

Miss Alper stressed that one should not regard chemical protec-

tion as similar to the oxygen effect since, with bacteria, the oxygen
enhancement ratio decreased with increase in LET and in her

experiments this did not happen with chemical protection.

Munro (Strangeways Res. Lab., Cambridge, Great Britain) asked

WhitmoreJ) whether he had any explanation as to why Ehrlich

ascites tumour cells (Hornsey and Silini) 4) recover from fast

neutron irradiation in contrast to his H1 Chinese hamster cells.

Whitmore had no explanation to give. Barendsen suggested that

the 2 hr interval used by Whitmore was too short to allow for

recovery since the cells were irradiated at room temperature. Whit-

more said that this was unlikely since these cells show recovery at

room temperature after X irradiation within this time. Scott (RRU,

Mr. Vernon Hosp. Northwood, Middx., Great Britain), elicited from

Whitmore that the method of determining the mitotic delay was

simply to extrapolate the percentage of cells in mitosis as a function

of time to zero effect.

Boag (RRU, Mt. Vernon Hosp., Northwood, Middx., Great Britain)

asked how the Bragg peak of the proton and alpha particle beams

were used to irradiate mice. Berry e) replied that this was done
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by inserting perspex absorbers into the beam so that the Bragg

peak could be displaced and the mouse irradiated in four steps

with the peak at different positions within the mouse.
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1. INTRODUCTION

"Dose rate" is an ambiguous term. When it is used to mean the

rate of absorption of energy per unit of time nothin_ is said about

how the absorption is fractionated within that unit of time. It is

as well to distinguish instantaneous dose rate, the rate of absorp-

tion during an uninterrupted exposure, and the average dose rate,

the total absorption divided by the overall exposure time. A further

ambiguity arises when particulate radiation is considered. An in-

crease in the number of particles arising in a given mass of matter

per unit of time leads to an increase in the overall rate of energy

absorption but, unless the concentration is so high that particle

tracks interact, does not lead to an increase in dose rate, as the

term is usually understood. The instantaneous dose rate around a

particle track is determined by that particle and is independent of

how many other tracks there may be. Fortunately, perhaps, parti-

culate radiation need not be mentioned again since all the papers

allocated to this session deal with X or gamma radiation. With

these radiations an increase in rate of energy absorption entails a

greater density of ionizations and an increased probability of inter-

action of separate ionizations at all levels physicochemical and bio-

logical.

The simplest kind of experiment on dose rate is to compare the

effects of giving the same total dose at two different instantaneous

dose rates as illustrated by A and B in Fig. 1. This entails two

different overall exposure times and, if there is a difference in effect,

it is not possible to decide whether this is due to the difference in

dose rate or to the difference in time of exposure without further

experiments using fractionated exposures. In fact dose rate cannot

be investigated using single uninterrupted exposures only; multiple

exposures are essential. Fig. 1 (F1-F4) illustrates some possibilities

for distinguishing the relative importance of instantaneous dose rate

and of the two orders of time, the relatively long overall duration

of exposure and the relatively short combined duration of a single

fraction and its subsequent radiation-free interval.

It is always possible, however short the duration of an exposure

to radiation, to divide the exposure up as in Fig. 1, conceptually

at least. Thus instantaneous dose rate has a pragmatic meaning

only and implies that the time of delivery of the dose is short in
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comparison with the characteristic time constant of the process of

interest. It is convenient to distinguish several different scales of

time.

Category Characteristic time scale Process of interest

Physical time

Cellular time

fractions of seconds

minutes to hours

Somatic time days to years

Evolutionary time generations

diffusion of ions and

radicals and of oxygen

repair of injury by active

metabolic processes

cellular division,

movement and

organization

dispersal and combination

of genes in a population

Within each category of time it is possible to use the fractionation

patterns of Fig. 1 to distinguish the relative importance of time
and of dose rate.

In addition a secular change in radiosensitivity during an ex-

• 3,- )
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posure is a possibility which the biologist at any rate should not

forget, especially when working in cellular or somatic time.

The major problem in surveying the proferred papers has not

been their mere bulk but the fact that they deal with a number of

quite different biological systems. The details of these are highly

relevant to the planning and interpretation of the experiments which

concern them, and the serious scientist will expect to be told about

them as well as about the dosimetry and the experimental arrange-

ment before being invited to consider results. However, in order

to make this survey intelligible to the non-specialist, all technical

detail has been omitted except when unavoidable and also all ob-
servations which seemed to me inconclusive.

2. PHYSICAL TIME AND MODIFICATION OF BIOLOGICAL EFFECT

Drosophila "eggs" have been a favourite test-object for many years.

The "eggs" are really developing embryos and the measured end-

point is the proportion which fail to hatch into adult larvae. Un-

fortunately they are not very stable, speaking radiobiologically,

since synchronous nuclear division is occurring every 10 min or so.

Kfinkel and Oberheuser e) compared the effect of 2, 25 and 50

pulses per sec of 15 MeV electrons, each pulse lasting one /_sec,

generated in a betatron with special equipment for regulating the

emission of pulses. As can be seen (Fig. 2) the proportion of "eggs"

killed by a given dose was slightly but consistently modified accord-

ing to the number of pulses per sec whether the overall expo-
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Fig. 2. Dosc-rcsponsc curves for killing of 1.75 hr Drosophila ='eggs" by pulsed 15

Meg electrons. 2 Hz, 25 Hz, 50 Hz are 2, 25, and 50 pulses per sec respectively.

A: Constant average dose rate (17 rad/min) so that pulse dose varied inversely

with pulse frequency. B: Constant pulse dose (140 mrad) so that overall exposure

time varied inversely with the pulse frequency. (Ktinkel and Oberheuser.)
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sure time and the average dose rate were kept constant or the in-

stantaneous dose rate was kept constant at _ 105r per sec and the

exposure time varied 25 fold. The overall exposure time in the ex-

periments illustrated ranged from _ to 35 min. Continuous gamma

radiation was also used but the minor difference from 50 pulses per

sec of 15 MeV electrons cannot be interpreted without a know-

ledge of the relative biological efficiency of the two kinds of radia-

tion. The shortest radiation-free time between pulses was 20 msec

in Kiinkel and Oberheuser's work but, when this was reduced to

40 #sec, Johansen e) found that a pulsed exposure of X rays was

indistinguishable from a continuous one.

Drosophila "eggs" give a more or less "exponential" survival

curve against dose, which may vary with the experimental condi-

tions. Ktinkel and Oberheuser deprecate the interpretation of such

curves in terms of target or hit theory but Johansen felt that his

experiments on the effect of dose rate gave an interesting empirical

result when analysed according to the formal "hit" formulae. There

was little change in the 50 per cent killing dose with change in

average dose rate for a continuous exposure but a striking inverse

correlation between dose rate and extrapolation number (Table 1).

TABLE 1

Dose rate ofcontinous exposure and killing of Drosophila "eggs" aged 60 =tz 5 rain

(Johansen)

X ray 50% killing dose extrapolation
dose rate number

(r/min) mean SE (best fit)

25 427 12 14

50 385 18 12
75 370 6 9

100 385 3 7
200 370 6 4
470 348 14 3

Of course this must entail a corresponding correlation with D 37,

the slope of the straight part of the exponential survival curve,

which could not be determined directly since the dose range did

not extend much beyond the 10 per cent killing dose.

For the dose rates of 50 r/min and higher there was a linear rela-

tion between duration of the 50% killing dose and (extrapolation

number --2).
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Pulsed radiation was also used by Lindop and Rotblatt), 400 pulses

of electrons per sec, each 1.3 /_sec long. The dose per pulse and

therefore the instantaneous dose rate could be varied within wide

limits. They found a less than 10 per cent change in the 50 per cent

killing dose for unanaesthetized mice when the average dose rate

ranged from 1.3 to 2600 rad/sec as shown in Fig. 3. This end-point,
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Fig. 3. Effect of dose rate

on the acute and delayed

killing of mice by whole

body irradiation. (Lindop

and Rotblat.)
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the killing of the whole animal, is probably the direct consequence

of the killing of particular kinds of cell, the stem cells of haemato-

poietic tissue, and the basic phenomenon examined is therefore

quite comparable with the killing of Drosophila "eggs". The broad,
and important, conclusion therefore seems to be that for dose rates

of 1 rad/sec and higher there is quantitatively little effect of in-

stantaneous or average dose rate on cell killing.

Lindop and Rotblat also determined the ultimate shortening of

life in the survivors of the acute experiments, a phenomenon which

has no generally accepted cellular basis but is certainly not due

merely to cell death. They feel that the results in Fig. 3 suggest

a systematic change of effect with average dose rate. One of the

difficulties of investigating mechanisms in complex organisms like

mammals is that technical procedures, like anaesthesia, which are

employed merely to facilitate investigation, may by themselves mod-

ify the radiation effect appreciably as demonstrated in Fig. 3.

3. DECAY OF CELLULAR RADIATION DAMAGE WITH TIME

Recovery from radiation or repair of radiation damage is a well-

attested phenomenon and can occur in a variety of ways. In the
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scale of somatic time, cells, lost from a multicellular organism

because they have been killed by radiation, may be replaced if

surviving cells divide. In cellular time at least three different pro-

cesses seem to occur. In a single cell breaks in chromosomes may

heal by rejoining. Second, Elkind and Sutton 1) have produced

convincing evidence that another kind of intracellular repair can

occur associated with an increase in extrapolation number from

one to the value characteristic of the unirradiated cell. A third

kind of process is described by Kimball in this series of papers.

The commonest way of following the time course of recovery,

whatever its mechanism, is to use a second dose of radiation at

progressively increasing time intervals after the first dose. The decay

of radiation damage thus observed may be monotonic or may be

phasic. Healing of chromosome breaks is thought to occur mono-

tonically (exponentially) with time. The Elkind type of recovery is

demonstrably phasic in tissue culture. Recovery of the whole or-

ganism due to synchronized cell division may appear to be phasic

with time when tested by a second dose of radiation because radio-

sensitivity may vary during the cell cycle from division to division.

Stearner and Tyler'sg) experiments on recovery concern three

species of bird and one species of mammal, which were all found

to behave similarly. The distribution of deaths with time after

exposure was very similar in mouse, parakeet and pigeon (Stearner

and Tyler2). The chick a few days old may die at earlier times for

other reasons but only deaths between 7 to 30 days were considered

in the present analysis. When the overall duration of a continuous

uninterrupted exposure to y radiation was increased from 10 min-
utes to six hours there was an increase in the LD 50, the 50 per

cent killing dose, in all four species. As the overall exposure time

was still further increased from 6 to 24-25 hours there was little

further increase in LD 50. There is a 2 to 3 fold range in absolute

values for the LD 50's of the different species and when these are

expressed as multiples of the LD 50 for an instantaneous exposure

(derived by extrapolation), it becomes clear (Fig. 4) that the three

species of bird all form one group with a faster proportional rate

of change of LD 50 with overall exposure time than the mouse. In

both groups however the LD 50 appeared to increase linearly with

exposure time up to the limit of six hours or so and to a level some

30 to 50 per cent above the instantaneous value. There is supporting

_Kt
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Fig. 4. Total (unpartitioned) mortality. LD 50/30 for protracted _ irradiation

of pigeon, parakeet, chick and mouse expressed as a multiple of the derived

LD 50/30 for an instantaneous exposure. (Stearner and Tyler.)

Calculated LD 50/30 for

instantaneous exposure

mean SE

Pigeon • 2050 550

Parakeet O 1500 450

Chick x 1110 340

Mouse • 985 84

evidence from published work on the mouse from six different la-

boratories that this rapid but time-limited increase in LD 50 is a

general phenomenon.

Tyler and Stearner i) propose two main kinds of explanation:

(i) that there are two types of injury process, the first producing

reversible injury (upon which the instantaneous LD 50 depends) and

the second irreversible injury (which determines the LD 50 for pro-

longed exposures of 12 to 24 hours). This is the model the authors

themselves chose to use for their analysis; Steamer and Tyler2).

(ii) that there is some form of recovery process which is limited

in time. Such a time-limited decay of radiation damage has indeed

been observed in the mouse (Brown, Corp and Mole)3). The parti-
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cular kind of cellular recovery demonstrated by Elkind and Sutton z)

is also completed in a similar period of time and there are now

several examples in widely differing biological objects to suggest

that what may be called an Elkind type of recovery is a basic

radiobiological phenomenon.

When a radiation exposure of a warmblooded animal is spread

over several days it is to be expected that cellular division will

occur during the exposure and so add a further order of complexity

to interpretation. Courtenay b) compared exposures of about 30

min, about 20 hr and about 6 days at radiation levels all of which

were 100 per cent lethal. By grafting bone marrow into the irra-

diated rats varying degrees of survival were obtained. Fig. 5 shows

Hb

g

Hb

g

15

syngen¢ic

morrow

_ graft

A []
untreated

| i

t) oo o

ollogcn¢ic

morrow graft

I
I0 2;

Days after end of exposure

Fig. 5. Haemoglobin levels

and survival after supra-

lethal radiation exposures

at different dose rates of

August rats given marrow

grafts after exposure. Dose

of whole body irradiation

1.2 × LD 100. (Cour-

tenay.)

J A 800r 29 r/min 0

B 1600 r 1.4 r/min _'

C 2460 r 0.3 r/min •

30 day mean

deaths survival

A nil + +

B nil + +

C nil 91 days

A nil 43 days
i

30 B 9/10

C 15/16

the fall in haemoglobin concentration in untreated rats given a

20 min exposure and the absence of the fall after grafting with

allogeneic marrow, that is bone marrow from a genetically different

stock of rats. The success of allogeneic grafts was due to the effect

of the radiation in depressing the natural ability to recognize genet-

ically foreign cells and so get rid of them.
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After larger doses of lower dose rate radiation this ability seems

to be less impaired and allogeneic marrow was less successful than

syngeneic as illustrated in Fig. 5. Such a result is not easy to inter-

pret without much additional quantitative information on the rela-

tion between success-rate and numbers of cells grafted, but extended

experiments of this sort are necessary if bone marrow is to be grafted

between non-identical human subjects.

4. MUTATION AND THE SURVIVAL OF VIABLE BUT PERMANENTLY

ALTERED CELLS

Practically all the effects discussed so far can plausibly be attributed

to the direct cell-killing effects of radiation but consequences such

as leukaemia or other kinds of cancer clearly depend on the produc-

tion, directly or indirectly, of cells with a permanently altered

genetic make-up. Boone a) has scored leukaemia incidence and short-

ening of lifespan in several strains of mice given various fractionated

or continuous exposures lasting overall from 2 min to 6 weeks. Her

work illustrates some of the practical problems of designing and

carrying out such experiments. Scoring of cancer incidence, for

instance, which depends on the autopsy, therefore depends on

an experimental design which ensures that practically every mouse

is properly autopsied, and not too decomposed or eaten for this to

TABLE 2

Life shortening of female RF mice aged 8 to 16 weeks at start of irradiation

(Boone)

Kind Duration Dose rate Total Mean life span (days) Life-shortening

of of (rad/min) dose per cent

exposure exposure (rads) Exposed Control per 100 rad

Daily

X rays Six weeks 50 1500 374 567 2.3

Contin- 21 days 0.05 1500 395 608 2.3

uous _, 14 days 0.05 1000 443 2.7

7 days 0.05 500 513 3.2

Frac- 3 expo-

tionated sures at

y monthly

intervals

13 800 466 679 3.9
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be possible. Lifespan shortening is often expressed as per cent of

the control lifespan but this, even if it should be constant, can

unfortunately vary from experiment to experiment. Lifespan short-

ening was not linearly dependent on dose for protracted exposures

(Table 2) so that if comparisons are to be made between differently

fractionated and protracted exposures several different total doses

are needed for each different kind of exposure.

Macroscopic phenomena like cancer and lifespan may perhaps

not be linearly dependent on dose even if based on molecular

phenomena, like mutation, which are thought to be linearly depend-

ent. Nevertheless recent work has shown that gene mutation by

radiation is not the time-independent phenomenon which it was

once believed to be.

Kimballd), working with Paramecium aurelia, has found two

situations in which the frequency of mutations can be changed by

altering the time of exposure (Table 3).

TABLE 3

Mutation in Param_ecium aurelia (R.F. Kimball)

Dose rate

(Kr/min)

Mutation index M per 104 r

phase of growth

log phase stationary

(usually G 1) phase

Single exposure

0.03 2.7_ 1.4N

sig not sig

3.5/ 1.5/
1.0-1.7 3.6

3,7 2.1

\
Fractionated exposures sig

Two fractions 1.4 3.6 jJwithin one generation
Four fractions 1.6 1.7

within two days
Two fractions 1.6 3.5

four generations apart

Sig = statistically significant difference in M.

In the stationary growth phase a change in the duration of a

continuous exposure had no effect on mutation frequency whereas

dividing a high dose-rate exposure into several fractions given over
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two days led to a significant reduction in mutation frequency. This

last is the classical result to be expected from the action of some time-

dependent repair process, such as rejoining of chromosome breaks,
and clearly in the metabolically inactive stationary phase this re-

joining is a slow process. In the metabolically active log phase of

growth, however, the difference in M with fractionation of the high
dose rate exposure was small, showing that this form of repair by

rejoining is either quantitatively small or fast or both. In either case

the fact that in log phase a significant change in M resulted from a
change in dose rate of a continuous exposure indicates that a second

kind of time-dependent recovery process occurs. This Kimball inter-

prets, in agreement with earlier work (Kimball, Gaither and Per-

duO), as a relatively slow repair of one-hit events. A one-hit

genetic event used to be considered synonymous with irreversible
point mutation but these observations on Paramoecium show that a

form of reversible premutational damage can occur.

Kimball's work with Paramoecium deals with the integrated ef-

fects of all genes behaving as recessive lethals. Tazima, Kondo and
Sado 5) examined the effects of dose rate on mutation rate in a

simpler manner by making use of specific loci in the silkworm which

determine egg colour. During the first 10 days after hatching, the

silkworm larva undergoes two successive moults about 5 days apart.
Doses of 1000 r at about 0.1 r rain take about 5 days to give but

whatever the particular 5 days over which such a continuous dose

was given to silkworm larvae, the mutation rate for a particular

specific locus in a particular sex was constant within the limit of
experimental error. However, when the dose was given in 3 min at

320 r/rain the mutation rate varied cyclically according to the parti-

cular day of the 10 day larval development period on which the

dose was given. In the first half of the period the mutation rate
was higher and in the second half lower than for the low dose rate

exposures. A variety of interpretations are possible and in their
latest experiments Tazima and Kondo h) have not only confirmed

these differences between acute and protracted irradiation but have

shown that there is probably a linear relation between dose and
mutation frequency at 320 r/min in larvae six days old. This result

makes untenable the assumption that highly mutable cells are more

easily killed by radiation and so disposes of one possible explana-

tion for the remarkable finding that fewer mutations were produced



30 R.H. MOLE

by high dose rate exposure than low dose rate exposure. Another

new experiment shows that the change in mutagenic efficiency

occurs somewhere between 1 and 18 r/rain.

5. CONCLUSION

Not all the papers surveyed make the sort of comparisons which
allow a clear distinction between the effects of dose rate and of

time. However it seems that changes in instantaneous dose rate

from 1 rad per sec up to 105 rad per sec produce surprisingly little

change in effect, surprisingly, that is, if such instantaneous dose

rates are large enough to modify radical production and reactions

in an aqueous medium. On the other hand the demonstration of

even a relatively small change in mutation rate with variation in

exposure time (Kimball, Tazima and Kondo) confirms current ideas

that genetic mutation is not the instantaneous, permanent and

invariant response which classical theory postulated.
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DISCUSSION

G. W. DOLPHIN

Radiological Protection Division, UKAEA, Harwell, Di&ot, Berks., Great Britain

Several questions were directed to Johansen e) about the results

from his experiments on Drosophila embryos which were presented

in Table 1. Robev (Dept. of Radiobiol. Sofia 56, Bulgaria), asked

if chemical protective agents might have modified the shape of the

survival curve from which the data in Table 1 were taken. In reply
Johansen said that the irradiations were carried out in air or ni-

trogen and that effects of chemical protective agents had not been

investigated. Wolff (Oak Ridge Nat. Lab., Tenn., USA) drewJohan-

4')
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sen's attention to errors which might be involved in obtaining

extrapolation numbers from survival curves that were only carried

down to the 5°,/o survival level. Biophysicists have often pointed

out that in order to make such extrapolations, the survival curve

should be taken down to at least 10 .3 to 10 .4 because only at these

low levels of survival does the curve become truly exponential.

johansen said that he was aware of this problem and he had over-

come it by making a study of theoretical multi-hit curves which

he compared with his experimental survival curves. The values for

the extrapolation number given in Table 1 were obtained from the

theoretical curves which best fitted the experimentally obtained

survival curves. Charlesby (RMCS, Shrivenham, Great Britain)

enquired which theoretical formula was used in calculating these

theoretical curves and Johansen replied that they were ob-
tained from the standard multi-hit formula. More comment on

Johansen's work came from Kaplan (Stanford Univ., Palo Alto, Cal.,

USA) who commented that the LD 50's were the same for several

different dose rates but the extrapolation numbers were not the

same, which suggests that the LD 50's were estimated from the non-

linear portion of the curve, and this might be an ambiguous and con-

fusing way to interpret the data. He suggested that it might have

been better to interpret the datafrom the D 37 dose taken from the

truly linear part of the survival curve rather than from the LD 50

which is derived from the non-linear portion. A general warning

was given by Elkind (Nat. Cancer Inst., Bethesda, Md., USA) who

pointed out that one must be careful in associating survival respon-

ses with changes in particular parameters which in turn require

the assumption of a particular formal model the applicability of

which is generally not proven. Johansen stated that he thought his

experimental data were correct and that he was not drawing con-

clusions which went beyond the data.

Burch (Dept. Med. Physics, Univ. Leeds, Great Britain) said he

understood the general idea behind the selective killing hypothesis,

referred to in the interpretation of the results of Tazima and

Kondoh), was that there were cells which were highly mutable and

at the same time very prone to the lethal effects of radiation. Burch

suggested that at high doses and high dose-rates a potentially mutant

lesion might get converted by cooperative phenomena to lethal dam-

age and so reduce the mutation frequency. Furthermore he thought
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it might not be necessary to postulate that cells at a given stage

differ in their mutability or sensitivity to lethal effects. In reply

Tazima explained that his data showed two types of dose rate

dependent phenomenon. In the first dose rate phenomenon, chronic
irradiation was found to be less effective than acute irradiation and

the other type of phenomenon showed the reverse effect. The first

type may be explained by assuming a repair mechanism, but the

other type cannot be explained in this way. However, it may be

accounted for by invoking the selective cell killing hypothesis, but

he and his colleagues were not certain of this interpretation. Purdom

(Radiobiol. Res. Unit, Harwell, Dideot, Berks., Great Britain) won-

dered whether it was possible to explain Tazima and Kondo's

data on the grounds of differential sensitivity of germ cells rather

than on intensity effects. It is known that rapid changes of sensiti-

vity could occur during the period of irradiation. Therefore, it

might not be logical to compare, on an intensity effect basis, a ra-

diation exposure of 3 min at a particular time with a continuous

exposure of several days covering many stages of development

which may have varying radiation sensitivity. In reply Tazima said

it was unfortunately not possible to carry out a chronic irradiation

which could be compared with an acute irradiation in the early

stages of egg development. In later stages, a chronic irradiation

could be compared with an acute one given in the middle of the

chronic time period and the effects of changing sensitivity might be

averaged out.

Barendsen ( Radiobiol. Inst. TNO, R[iswijk, The Netherlands) asked

Rotblatf) if he thought that a dose of about 1000 rad was sufficient

to deplete the oxygen content of the body fluids in a normal animal

to such an extent that it modified the radiation response. It was

generally assumed that about 20 000 rad was required to use up the

oxygen in a solution. Rotblat replied that it would depend on the

amount of oxygen present in the cells and body fluids at the begin-

ning of the radiation. This point was again brought out in a ques-

tion by Mewissen (Dept. Radiophysics and Radiobiol. Inst., Bordet,

Brussels, Belgium) who asked Rotblat whether he had any explana-

tion for the phenomenon, which he and Lindop had report-

ed, that anaesthesia decreases the lifespan shortening of mice

following irradiation. In reply Rotblat said that there were two

protective effects observed in their animal experiments. If a close
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is given to unanaesthetized animals in a shorter and shorter time,

as the dose rate was increased, then the latter part of the dose may

be delivered to a somewhat anoxic animal. This is because oxygen

might not be able to diffuse fast enough into the cells to replace that

used up by the radiation induced chemical processes. Therefore,

some protective effect might come from this slight anoxia which

could explain the observed changes in LD 50 and life shortening. In

the case of the anaesthetized animals the anaesthetic itself may act

as a chemical protective agent. However, this could not explain the

observed dose rate effect with anaesthetized animals, and Rotblat

could not suggest any mechanism to explain this effect.

Lamerton (Inst. Cancer Res., Belmont, Surrey, Great Britain) asked

about the difference in dose rate response between birds and mam-

mals which he found extremely interesting, and wondered if the

authors had any information on the possible physiological basis for

this. In reply Stearnerg, t) said that she did not have any explana-

tion for this difference and the only difference which might have

any significance was in the metabolic rates of these animals.
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1. INTRODUCTION

About six years ago the author overheard a fellow participant at a

conference remark that the radiation chemistry of water was finish-

ed. At that date it was generally accepted that the state of affairs

in the track of a fast charged particle about 10 -s sec after its passage

could be represented by equations (1) to (4).

Low LET

10 -s sec

G-HyoHyO _ GI-IH,+ GoHOH + GHyH_ + GI-IyoyHyO2 (1)

G-H20 = GH + 2 GH 2 = GOH + 2 GH202 (2)

High LET ()o, 1 eV/A)

G-H2oH20 _ GHH + GHo2HO2 + GoHOH + GH2H2 + GH202H202 (3)

G-H20 = GH -- GHO 2 + 2 GH 2 = GOH + 2 GHO 2 -+- 2 GH202 (4)

In these equations GI-I, Go_r and G_o 2 are the numbers of hydrogen

atoms, hydroxyl radicals and perhydroxyl radicals per 100 eV ab-

sorbed energy, which are available to react with solutes present in
concentrations insufficient to interfere with the combination reactions

(2H -+ H2 and 2OH -+ H202), the reconstitution reaction (H + OH -+

HzO) and the intra-track reactions (HO + H202 --> H20 + HO2)

which, in the period 10 -I3 to 10 -s sec, are in competition with the
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diffusive escape of H and OH from spherical spurs (low LET sys-

tems) or from cylindrical tracks (high LET systems). The comment

implied that the primary species were definitely a hydrogen atom and

a hydroxyl radical, that the diffusion model was essentially correct

and would only be modified in detail as a result of further work

which should be directed along the lines of (i) measurement of the

radical and molecular yields and exploration of the dependence of

these on such experimental variables as temperature, LET (linear

energy transfer), pH etc. and (ii) determination of the absolute rate

constants of all the elementary reactions of H, OH and HO2.

In the intervening years experimental studies have proceeded

along these lines and have demonstrated that the remark referred

to earlier (which epitomised a widely held opinion) could hardly

have been further removed from the truth. We now know that some,

if not all, of the supposed hydrogen atoms are solvated electrons or

polarons and may either react with solutes in this form or be con-

verted to hydrogen atoms by reaction with a proton-donor, XH +,

according to equation (5)

XH ++ e_q-+X+ H (5)

and then react with solutes. Many of the papers presented in this

session reflect this change of emphasis or are concerned with the

application of recently developed techniques to investigate the pro-

perties of e2q, H and OH and, to make these points more evident,
I shall present the papers, not in the order given in the abstract

book, but in groups, the nature of each group being indicated by the

sub-headings.

2. PULSE TECHNIQUES

Controlled delivery of a large pulse of energy of short duration

compared with the kinetic lifetime of the intermediates offers the

possibility of (i) measurement of their spectra and (ii) spectrophoto-

metric observation of the decay in their concentration. Most investi-

gations made hitherto have involved pulsed electron beams of

between 1.5 and 15 MeV energy. Marquis6e and Abrahamson m)

are developing an X ray source giving _ 500 joule pulses of 50 to

100 keV X rays of ~ 10 #sec duration, which promises to have

considerable utility. The apparatus (shown in Fig. 1) comprises 6

razor-edged tungsten ribbons acting as field emission cathodes align-
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ed parallel to a thin, cylindrical, beryllium anode target (OD 1")

within which the material to be irradiated can be placed. A similar

shaped X ray source operating at 1.2 MeV is currently being

designed by W. P. Dyke.

I
-I .....

...... r_

"A_t:_2-_:;C

_l+_.

2c

Beryllium
Anode

Tunqsten
Ribbon

Fig. I. Pulsed X ray source for

irradiating cylindrical samples.

(Marquisde and Abraharnson.)

Three papers are concerned with data obtained by single elec-

tron pulse radiolysis. The first by Boag, Steele and Hart d) describes

the use of a linear accelerator giving 2 #sec pulses of 1.8 MeV

electrons of 0.5 A maximum beam current, which has already been

described1). Very narrow, ribbon-like, conical beams can be direct-

ed on to an open-ended or thin-windowed quartz cell containing

the solution to be irradiated. Absorption bands attributed to Ia-

and/2- were detected in irradiated aqueous solutions of potassium

iodide and iodine. Irradiated oxygenated water gave an unidenti-

fied absorption band with a maximum at ~ 2400 )_ (see Fig. 2)

which persists for less than 10 #see and is therefore thought not to be

due to the perhydroxyl radical. In the Fricke solution there is a very

rapid development of the 2400 A absorption and an approximately

1000-fold slower production of the ferric absorption at 3050 _. In

ceric sulphate solutions, absorption due to ceric species also

disappears slowly. Just before the Congress Boag informed me

of his recent, beautiful experiments which indicate that a short-

lived (t t = ~ 10/_sec) species is formed on irradiation of deaerated

aqueous systems. This species has broad absorption (2max --- 7000 A)
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I and 2

2 and3

OD
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Dfffecence
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-01

, , , 215 ' ' ' I ' ' , _-_r--r, I ' 5_o_To30 35 40 xlO0

Fig. 2. Transient (< l0/_sec) absorption in irradiated aerated water. Abscissa:

Wavelength in 100 A. Ordinate for difference curve: Optical density. Curve 1)

before irradiation. Curve 2) 30 sec after irradiation. Curve 3) simultaneous

with irradiation. (Boag et al.)

in the region expected for the aquated electron. The yield is larger
in Na2CO3 solution, and in 12 MNHa aq. the band is displaced to

longer wavelengths. KeeneJ) has used broader beams of 4 MeV elec-

trons of similar pulse length to that of Boag et al. but smaller doses

(~ 104 rad) per pulse and care was taken to minimise effects due to

shot noise and Cherenkov radiation, His results for potassium iodide
solutions and water are similar to those of Boag et al., but he also

observed an absorption in the near UV during the pulse which is

larger in deaerated than in oxygenated water. He analysed the

absorption at 3040 A caused by irradiation of the Fricke solution
into four components having mean lives of _ 1 /_sec, 200 /_sec,

20 msec and 2 sec, the last being due to the Fe2+-H2Oz reaction.

The/_sec component is tentatively assigned to the Fe 2+- OH reac-

tion, the 200 /,sec to the Fe2+-HO2 reaction and the 20 msec to
ligand substitution.

The paper by Dorfman, Buehler and Taub f) provides a good ex-

5_
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ample of the power of the pulse radiolysis method when allied to

kinetic spectroscopy in a suitable system. Using pulses of 15 MeV

electrons of up to 5 #sec duration to irradiate aqueous solutions of

benzene derivatives in high purity quartz cells and a four-fold pass,

analysing beam from a xenon spectroflash lamp or monochromatic

radiation from a mercury lamp, the authors were able to identify

the absorption spectra of many transient intermediates including
C6H6OH, CH3C6HsOH, HOC6H602 and C6H5CH2.

LOG
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Fig. 3. Absorption spectra of aromatic transients. (Dorfman el al.)

2550

These are shown in Fig. 3. The 1st or 2nd order decay curves

for bimolecular destruction of the radical by reaction with oxygen

or itself are of very high quality (see e.g. Fig. 4) and permitted the

determination of (i) the following rate constants:

k(OH + C6H6 --> HOC6H6) = 4.9 X 109; k(OH + C6D6 -> HOC6D6)

= 4.7 X 109, and k(HOC6H6 %- 02 --> HOC6H602) _ 5 X 108

(1 mole -1 sec-1) and (ii) the molar decadic extinction coefficient

of the hydroxybenzene radical at 3130 A as 3500 -F 800 M -z cm -1.

Irradiation of liquid water with light of wavelength 1850 A
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Fig. 4. BimolecuIar decay of the HOCsH6 radical. (Dorfman et al.)

causes the dissociation (6)

1850 i

H20 3- fly ---> H(2S) 4- OH(ez) (6)

so that flash photolysis of aqueous solutions offers an alternative

means of studying reactions important in the radiolysis. The anal-

ogy with radiolysis is emphasized by the fact that pure water gives

H2 and H202 on irradiation. In his paper, Baxendale e) describes (i)

the yields of H2Oz formed on "flashing" aqueous solutions containing

02, CH3OH, H202, and OH- (ii) the transient spectra and the

kinetics of their growth and decay for aerated solutions of alcohols

and formic acid. He concludes that the perhydroxyl radical has a

molar decadic extinction coefficient at 2537 ,_ in the region 350

to 380 M -1 cm -1, and that the rate constants of reactions (7) and (8)

2HO2 --> H_O2 + O_ (7)

HO2 + Cu 2+ --> H + + 02 + Cu + (8)

are 2.5x 106 and 1.5 x 107 M-tsec -1 atpH 2.3. Measurements at

pH 7 andpH 11 suggest that k7 passes through a maximum in neutral

solution and that e2537 increases with increasing pH.

3. HIGH INTENSITY EFFECTS

It was first established by Sutton and Rotblat _) that, at high dose

rates, bimolecular combination and reconstitution reactions involv-

ing H and OH radicals drawn from adjacent tracks cause an

apparent increase in molecular yields and a diminution in radical

5'2
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yields. Thomas and Hart °) have extended this work using 13 MeV

electron pulses. Assuming G(Fe 3+) _ 15.6 at dose rates below 10 25 eV

1-1sec -1, because the oxidation yield is here insensitive to chan-

ges in [Fe 2+] and [O2], they wcre able to measure higher intensi-

ties from the magnitude of the total charge collected in a massive

lead block. Their results on this system show that the fall-off in

G(Fe 3+) occurs at lower dose-rates the lower the oxygen or ferrous

ion concentrations and, somewhat surprisingly, the larger the chlor-

ide ion concentration. Irradiation of deaerated 0.8 JV H2SO4 at dose

rates below 10 26 eV 1-1sec -1 gave molecular yields G(H2)= (H_O_)

= 1.23, but when H202 was also present initially G(H2) was smal-

ler. The diminution of G(H2) with increasing added H202 is illus-

trated in Fig. 5, from which it is seen that a higher initial H202
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Fig. 5. Suppression of intertrack combination of H atoms by added H202 at
different dose rates. (Thomas and Hart.)
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3200 1000 216 12 2.5 0.24

concentration is required to produce the same decrease in G(H2)

at higher dose-rates. These and other results are interpreted on the

basis that there is no reaction during the pulse and that reactions

(9) and (10)

H + H _ H2 (9)

H q- H_O2 -+ H20 -k OH (10)

are the sole competitors. Repeated pulsing,
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so that H atoms which survived from a preceding pulse

augmented those formed in the next, gave data which were also

consistent with this simple one-radical model and k9 = 5 × 109 and

kl0 = 4 × 107 M-lsec -1. At very high intensities this model is inade-

quate and, notwithstanding the last sentence of the summary, no

alternative explanation is presented in the paper.

4. LOW TEMPERATURE STUDIES

At a sufficiently low temperature any massive intermediates pro-

duced by irradiation of solid aqueous systems will be immobile and

can be preserved for post-irradiation investigations. A commonly

used tool for detection of non-zero spin intermediates is that of

electron-spin resonance (ESR) spectroscopy and this has been ap-

plied by Kilgour, Smith and Wyard k) to glassy mixtures of H2Oz

in HzO irradiated at --196 °C. These workers find that the relative

yields of a radical giving a doublet ESR signal with 13 gauss splitting

and g-value anisotropy for irradiation by 250 kV X rays, 15 MeV

deuterons and 5.7 MeV _ particles are approximately the same as

those found for GH and GoH in liquid water. Although there is no

perceptible deuterium isotope effect at--196 ° C comparable with that

observed in liquid water, the ESR doublet referred to above is

much less abundant in D202-D20 glass irradiated with ultra vio-

let light than in HzO2-H20 glass. This result is attributed to the

probable greater rate of reaction (11)

HO + H202 -+ H20 + HO2 (11)

as compared with that of its deuterium counterpart at the same low

temperature. Since (a) the line width of an ESR signal increases

with the concentration and (b) a new spectrum appears at half

the magnetic field strength when the radicals are very close together,

two methods are available for estimating local concentrations of rad-

icals. The results indicate a much wider spread of radicals for both

X and a rays than is assumed in the diffusion model and, after

allowance has been made for diffusion before trapping, it is concluded

that the ESR spectra of irradiated peroxide glasses demonstrate that

the ionization electron is not recaptured by positive ions.

This conclusion is identical with that of Dainton and Jones 3) who

investigated the ESR spectra and yields of Fe 8+, N2 and H2 when

acid glasses containing N20 and Fe 2+ are irradiated at -- 196 ° C and
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higher temperatures with either y rays or 2537 A light. The effects

of temperature, composition and state of aggregation on the signal
strengths and product yields indicate, (a) that the H-atom-like

species is mobile and can travel distances of 50 to 70 A from its

point of origin to a solute, (b) that this migration is more facile

in the glassy state and is presumed to occur preferentially along

the polymer chains which are also responsible for the glassy state,

(c) that the photochemically generated species is identical with

that produced by 7 rays and, (d) that both react equally rapidly

with N20 and Fe 2+. The mobile species is considered to be an elec-

tron, produced according to reactions (12) and (13).

H2Ogl --_ H20;1 _- em (12)

Ve_ + -q- h_ 25_ 3+ -
-- Fegl + em (13)

and capable of being trapped by Fe 2+, NzO or --_SO4H groups
(equations (14), (15) (16)).

warming

em+ Fe 2+ 77--°_ Feg_ (---_ Fea++ H2 or S-S) (14)

-- 77°K
era + N20 --_+ N20- (--+ N_ + OH _ N2 + Fe a+) (15)

e;_+,,,_ SO4H ~ "i~~SO4 + HT (~ 9_°0_,-_SO4H+ era). (16)

HT is here a trapped hydrogen atom and reaction (16) is reversed
at about --180 °C.

Kroh and Czerwik*) have measured G(Fe _+) for frozen Fricke

solutions irradiated at different temperatures in the range --20 to

--180 °C. For 90Sr-Y fl particles they find a linear dependence of

G(Fe 3+) on temperature (G(Fe s+) = 0.016 T°K -- 0.46), whereas

for y rays the relation is more complex. It must be emphazised that

these systems are crystalline and yield G(Fe 3+) 0290ox z 1 whereas

Dainton and Jonese) find that irradiation at --196 ° of a deaerated,

acidified, glassy solution of ferrous sulphate gives G(Fe3+)90o x = ~ 8.

5; THE NATURE AND REACTIVITY or THE PRIMARY SPECIES IN LIQUID

AQUEOUS SYSTEMS

Recognition of two types of hydrogen atom Ha and Hb related as

acid and conjugate, base according to equation (17)

Ha + H + -+ Hb (17)
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depends upon Ha and Hb either reacting with the same reagent to give

different products (e.g. with C1CH2COOH giving C1- or H2) or

reacting at grossly different rates with a given pair of reagents (e.g.

with 02 and H202). Evidence for the fact that the most basic form

of hydrogen atom formed by the action of ionizing radiation on

water has unit negative charge has recently been provided by in-

vestigation of primary salt effects on certain rate constant ratios4).

The results are illustrated in Fig. 6. The paper by Appleby, Holian,

0.2 S.O,

2.8 (a)

• 0.1

-QI •
2.2

; ®. oH 2 -©--
-0.2 -

o.', ,-7 0:2 ' o._, ' 0:4 ' 0:6 '

Fig. 6. Ionic strength effects on rate constant ratios, for two reagents competing

for "H" 4). (a) Ag + and CH2CH.CONH2 at pH 4 and pH 2 ; (b) NO_- and H2024) ;

(c) H + and H2024).

Scholes, Simic and Weiss b) is concerned with the reaction of Ha

(called by the authors a "polaron" and represented as (H20)-) with
carbon dioxide and carbon monoxide. In deaerated solutions of an

organic substrate RH containing CO or CO2 the important reac-

tions are (18), (19) and (20)

OH + RH _ R- + H20 (18)

Ha(=(H20)-) + CO_ (or CO) --+ CO2 (or CO-) (19)

R. + CO2 (or CO-) --+ RCO2 (or RCO-) (20)

so that radiation-induced carboxylation or carbonylation of organic

solutes can be achieved. The carboxylation is markedlypH dependent

as seen in Fig. 7 but the fact that the yield of carboxylic acid is less
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Fig. 7. Effect of pH on the yields

of H2, glycol and glycollic acid

from the _ radiolysis of 10 -1 M

aqueous methanol equilibrated

(Appleby et al.)

ZX Yield of glycollic acid; o De-

crease in hydrogen yield, G(-H2),

on adding carbon dioxide. × De-

crease in glycol yield, G (-glycol),

on adding carbon dioxide.

than the decrease in hydrogen yield is provisionally attributed to

the ionic dissociation(21)

COOH _- CO_ + H*, (21)

the evident poorer carboxylating power of COOH as compared

with CO_ and the tendency of the former radicals to undergo

disproportionation to CO_ + H.CO.OH. In marked contrast to

CO2, carbon monoxide can accept Hb as well as Ha and therefore

the carbonylation reaction occurs as readily in acid solution as it

does in neutral solutions. An interesting aspect of this work is the

conclusion that the conventional hydrogen yield G,,H,, = 2.9 com-

prises 0.6 true hydrogen atoms and 2.3 polarons. Other authors
have reached different conclusions.

Getoff h) has made a detailed analysis of the variation with

dose at different values of pH within the range 2 to 11 of the yields

of the many reduction products of carbon dioxide. The primary

products appear to be CO-, CO, CO_, HCO and .COOH (or

H.COO.) and again a major r61e is allotted to the solvated electron.

Most of the products in this system are derived from bimolecular

reactions between radicals, some of which may be interfered with

by selective reaction of a product (e.g. H2) or an added reagent

(e.g. FeSO4) which can react with both primary and secondary
radicals.

Nitrous oxide is an extremely efficient electron scavenger in the

gaseous, polar liquid (H_O and NH3) and glassy (aqueous and

organic) phases and has the merit that one product of this reaction,

namely nitrogen, is so inert chemically as to be immune from

attack by radicals. Furthermore the stoichiometrically equivalent

reaction of H atoms with N20 has an energy of activation in the
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range I0 to 16 Kcal/mole. Consequently the decrease in G(N)2

when the pH is diminished can be used to obtain the rate con-

stant ratio k(e_- + N20)/k(e-_o + H +) and if ferrous ions are present

to scavenge I-i" atoms accor_t']ng to equation (22)

H+ Ve_ + _H2+ re 3+ (22)

the variation of G(H2) and G(Fe 3+) with pH can be used to confirm

this ratio and to investigate the variation of G, qz" with pH. The

results are illustrated in Fig. 8. It appears that the increase in

(i)

|

0 5 pH 10 15

_..i$--¢)--=-_-

(ii)

i_Nx'% I [ (b)

N2

i i i i
0 2 4 00 2

pH

Fig. 8. Effect of pH on the radiolysis of solutions of N20 in the presence and

absence of ferrous sulphate. (Dainton and Peterson.) (i) absence of ferrous

sulphate [N20] = 0.014 M. (ii) presence of ferrous sulphate. [N20] = 0.013 M,

[FeSO4] = 1.93 mM (a) and 10 mM (b).

G _' and GoH at pH < 3 and the fact that G(N2) does not fall

to zero even at pH 0 are due to the reaction of H ÷ with either

an excited water molecule (H20*) or with a radical pair (H + OH)
+

forming H 2 which reacts rapidly with NzO or oxidizes Fe z÷.

Recent work by Mr. Watt 5) on the ferrocyanide-ferricyanide-N20

system has shown that these reactions have their basic analogues

which are, incidentally, responsible for the step in G(N2) at pH 11

shown in Figure 8; so that we now have additional "H" and OH

yields available by virtue of reactions (23) and (24).

H20* or (H+ OH) + H + --* H_ +OH (23)

HzO* or (H + OH) -t- OH- _ e2q -_- OH (24)
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Jortner, et al. i) have concluded that the so called hydrogen

atom produced by photolysis of potassium iodide solutions is a sol-

vated electron. This is a reversal of the carefully argued conclusions

of Jortner, Ottolenghi, Lcvine and Stein 6) and contrary to the

conclusions of several other authors. They have studied the effect

of H2PO4 and NH] ions on this reaction and on the radiation

chemistry of deaerated aqueous solutions of acetone and sodium

formate and in the presence offerricyanide or nitrite or nitrate ions.

From their results they have derived the rate constant ratios shown
in the Table 1.

TABLE 1

Rate constant ratios for e

a b a b a b a b

Substrates (CH3)2CO H2PO4 Fe(CN)_- H_PO4

ka/kb 570 1000

Substrates (CH3)2CO NH + H ÷ (CH3)2CO

ka/kb _ 104 2.3

NO; H2PO; NO3 H2PO 4

740 1300

Carbon monoxide shares with carbon dioxide the power to scav-

enge e_q and also combines with H and OH. Raef and Swallow's n)
data on the irradiation of deaerated, acidified aqueous solutions of
carbon monoxide can be understood in terms of the bimolecular

reaction of CHO and COOH radicals with one another and with

H, OH, H202 and HCHO, provided it is assumed that the COOH

radical persists as such and does not add to carbon monoxide. In

alkaline solutions, formic acid is produced via a chain reaction in

which the propagation reactions are thought to be:

H + OH- --_ e_q (25)

e_q + CO _ CO_q or CHO or HCOOH- (26)

CO_q or CHO or HCOOH- --+ HCOO- + H or HCOOH + e_q. (27)

When ferrous ions are present they compete with CO for OH and

H radicals and the resultant ferric ions are reduced by CHO and

COOH radicals. The rate constant ratios ko_+co/koH+Fe 2+ and
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kE+co/kw+Fe 2+ can therefore be evaluated and the results are dis-

cussed.

Aebi and Heiniger a) studied the X ray induced oxidation at

pH 6.8 of laC-labelled formate in the presence and absence of beef

liver catalase. The enzyme causes the H202 to oxidize more formate

with liberation of additional 14CO2. In the presence of oxygen

G(CO2) is increased from 3.3 to 5.2 by addition of the enzyme

whereas in a nitrogen atmosphere there is no increase in G(C02)

when the enzyme is present. Nitrous oxide produces a larger non-

enzymatic yield of CO2 than oxygen, a result which is interpreted

in terms of a short chain oxidation of formate and by the reaction

sequence (28) and (29)

•COOH + N20 -+ CO2 + N2 + OH (28)

HCOOH ÷ OH -+ COOH + H20. (29)

This greater effect of N20 as compared with 02 is also observed

in the X ray induced oxidation of hemolysate to methaemoglobin.

Engelhard, Prchal and Frobeng) have carried out a detailed

paper chromatographic and electrophoretic study of the products

of 50 KVp X ray irradiation of a 0.02 M aerated aqueous solution

of L-lysine hydrochloride at pH values in the range 0.8 to 11.8.

They find the products to be very similar in nature and relative

abundance to those obtained when the gas from an electrical dis-

charge through water vapour is passed through the same solutions.

Earlier experiments have led them to believe that the major com-

ponents of the gas discharge are hydroxyl radicals. They therefore

regard the major influence of X rays on aqueous systems as ascrib-

able to hydroxyl radicals. This inference clearly depends on the

validity of their conclusions about the gas discharge and these

have been rigorously tested. The very marked effects of change of

pH on the product distribution suggest that perhaps other species

besides OH may be important.
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DISCUSSION

P. R. HILLS

Wantage Research Laboratories, AERE, Wantage, Berks., Great Britain

The discussion was opened by Platzman, (Argonne Nat. Lab., Ill.,

USA), who commented that Professor Dainton had differentiated

between solvated electrons and polarons. He asked for a definition

of these species. In reply, Weiss b) stated that the differences could

not be distinguished chemically but that the polaron could be

defined in physical terms according to the concepts of Landau1),

Mott and Gurney 2) and Pekar3). The polaron was not an electron
with a number of water molecules orientated around it as in a

hydrated ion. Since the de Broglie wavelength of the electron is

greater than the diameter of the water molecule, the polaron should

be considered rather as an electron spread out over several water

molecules. In this manner the medium becomes polarized and sta-

bilizes the electron. The work of Dainton and others had given

adequate proof for the existence of a radiation produced electron in

water. Recent work of Emmerson, Schneider and Weiss 4) has given

definite ESR spectrographic evidence for the presence of both posi-

tive and negative polarons in ice. There should be no difficulty in

extrapolating these results to liquid water.
Platzman considered that ideas on the nature of the solvated

electron were unnecessarily confused. In his opinion radiation chem-
ists had never considered the solvated electron to resemble a sol-
vated ion.

In view of the fact that it was believed that the polaron only

concerned trapping in respect of energy lowering and that the

polaron was not necessarily held rigidly in space, Matheson

(Argonne Nat. Lab., Ill., USA) asked Weiss if he could clarify how a

sufficiently great concentration of polarons was obtained to enable

electron spin resonance spectra to be studied. Weiss replied that
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the results were obtained in aqueous systems frozen in liquid nitro-

gen. The spectrum consisted of a very narrow line of maximum

width 0.5 gauss with a g factor of 2.0044, which there was reason to

ascribe to the solvated electron, and a second resonance with a g

factor of 2.016 which had been tentatively assigned to the positive

polaron. It should be remembered that there would be a positive

hole left by the electron. Further work would be carried out in

liquid helium. Jortneri) commented that the work of Pekar 3) was

concerned with electron binding in ionic crystals. A recent analysis

has shown that in polar solvents the treatment should be some-
what modified.

Weiss did not think this called for much modification of the theory

since the medium is characterized only by its optical and static

dielectric constants and a great distinction could not be drawn

between ionic crystals and polar liquids. Grossweiner and Mathe-

son 5) have measured the trap depth in the thermoluminescence of

irradiated ice and their value of 0.3 eV is in good agreement with the

theory of Pekar. The maximum absorption of the polaron should

be greater by a factor of 3, and based on the continuum theory the

maximum absorption should appear at about 10 000 A. Jortner poin-

ted out that, according to the theory of Pekar in a polar medium the

additive electron is bound in the polarization field produced by the
electron itself. The Landau-Pekar model is based on the idea that

the binding energy and hence the kinetic energy of the additive

electron is low compared with the energy of the electrons of the

medium. The approximation involved is equivalent to the adiabatic

approximation in molecular physics. The medium electrons are

affected by the field of the additive electron located at a certain

position, while the latter is affected by the mean charge distribution

of the medium electrons. These assumptions are applicable for

electrons having a binding energy of about 0.1 eV (as calculated

for ionic crystals). In the case of polar solvents the binding energy

is higher and the application of the electronic adiabatic approxima-

tions appear to be unjustified. An alternative way to treat electron

binding in polar solvents is to assume that the additive electron

and the medium electrons may be treated independently by the

Hartree6)-Fock 7) approximation. In this type of calculation the

quantum mechanical interaction energies are replaced by the

electrostatic polarization energy of the dielectric medium. This
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treatment differs for the Landau-Pekar model as it introduces the

contribution of the electronic polarization of the medium to the

binding energy of the electron, and thus will yield a higher binding
energy and a more confined charge distribution for the additive

electron. Calculations carried out for electron binding in water

lead to the thermal dissociation energy of 1.2 eV and predict that

the first is --_ 2p electronic transition of the soivated electron will
lie at 0.9 eV.

Schiller (Cent• Res. Inst. Phys., Budapest, Hungary) commented that

Dainton had defined three types of hydrogen atoms. He did not

think that this definition was necessary. The initial local concentra-

tions of hydrogen atoms in acid solution is lower, not because of a

lower value of the rate constant, but because the initial spatial

distribution of hydrogen atoms is greater in acid than in neutral

solutions. Similarly, the increased radical yield in acid solution

follows from the greater distribution of hydrogen radicals and scav-
enger reactions are enhanced.

Concerning the presence of solvated electrons in neutral aqueous

solutions, Kuppermann (Dept. Chem., Univ. Ill., USA) stated that

diffusion kinetic calculations using a three radical model had been

compared with experimental yields in neutral aqueous solutions.

In the model, OH and HsO + were assumed to have initial Gaussian

spherical distributions of 10 _ diameter, and e- an initial distri-
• all

butlon of 20 ,_ diameter. The average number of these species

was assumed to be 9 in each spur. The reaction e- ÷ H30 + -+
• aq

H -[- nH20 was included in the mechanism as well as the usual

radical-radical and radical-solute reactions. All diffusion coefficients

were taken to be 2 × 10-Scm2/sec, all rate constants, 6 × 109 1/
mole/sec and the solute concentrations 10-aM. The calculated

yields wereGmo_ = 0.7, Gin= 027, GoH= 222Ge- =221and
z z z " " a "

GH = 0.9. These results were in reasonable agreement witqh some of the

experimental measurements and this agreement could easily be

improved by relatively small changes in the parameters used in the

calculation. On this basis it can be said that a model of the gamma-

radiolysis, or 1 MeV electron radiolysis of dilute neutral aqueous

solutions in which there are assumed to be isolated spherical spurs
containing initially OH, HsO ÷, and e- is consistent with the

aq

observed experimental results. Jortner stated that Rabani, Otto-

lenghi, Stein and himself had recently examined the general mechan-
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ism of the conversion of solvated electrons to hydrogen atoms.

The conversion in solutions containing H30 +, H2PO4, HF and

NH_ was investigated by competitive kinetics, in aqueous solutions
irradiated by 200 KV X rays. The results of an investigation of the

nature of the reducing radicals produced by the photolysis of the

iodide ion in aqueous solution were interpreted in terms of dissocia-

tion of the spectroscopic excited state, leading to the formation of

an iodine atom and a solvated electron in a solvent cage. The sol-

vated electron may be scavenged by the above general acids, leading

to the production of a hydrogen atom. These experimental results

were treated using scavenging equations to account for competition

between the secondary cage recombinations and scavenging. The

agreement between the rate constants ratios ks -+- e-/kH30 + + e-

derived from radiation and photochemistry is satisfactory. These

results show that the conversion of e_q by the four acids investi-

gated correlates with the pE values of the acids. The results fit quite

well with the Br6nsted general acid catalysis law, yielding evidence

that the conversion eaq -+ H involves a proton transfer from an
acid. Considering the role of water as a Br6nsted catalyst these results

provide an explanation for the fact that the reaction eaq ÷ H20 -+
H + OH- is a surprisingly slow process. From the pK values of

aq

kH20 ÷ e-
< 2× 10 -7.

H20 and H30 + it was estimated that kH30 + + e- --

Hence the efficiency of the scavenging of eaq by H20 can be deter-
mined within a narrow range.

Uri (Min. Aviation, Waltham Abbey, Great Britain) asked Baxen-

dale e) if the pKvalue of the HO2 radical, previously assumed to be

about 2, should be revised. Did Baxendale's result support a pK

of 7? Since some of the work has been carried out in the presence

of alcoholic scavengers, was it not likely that the ROz radicals were

also present? Could one derive any data from the present investiga-
tions about the RO2 radicals?

Baxendale agreed that in the generally held opinion, the p/C"

value was about 2. This result was originally estimated by Evans,

Hush and UriS) but has so far not been confirmed experimentally.
Since the estimate was made from thermochemical data there

was considerable room for uncertainty. An error of a few kilo-

calories would make differences of several orders of magnitude in

the estimated pK value. Although it could not be proved that
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the species concerned was definitely the HO2 radical, this was

believed to be the case and that the appropriate pK value was

rather greater than that first calculated by other workers.

It was stated by Czapski (Dept. Phys. Chem., Hebrew Univ., jerusa-

lem, Israel) that combination values for the HO2 radical had been

measured at different pH values. At pH 2 the figure was found to be

in agreement with Baxendale's value, but at pH 7 the value was in

agreement with that of Schmidt, but in disagreement with Baxen-

dale. pK for HO2 was found to be 4.4 4- 0.4.

Uri asked Boag whether his technique would make it possible to

determine if the ion-pair complex Fe3+OH - is formed as the first

intermediate in the electron transfer reaction: Fe 2+ -t- OH _ Fe a+ A-

OH- in acid solution. In general it appeared that more information

concerning the intimate mechanism of electron transfer reactions

would be of great importance, both in radiation chemistry and the

study of metallic catalysis. In reply, Boag a) pointed out that the

technique would be helpful if the intermediate complex had an

absorption spectrum clearly distinguishable from that of the final

products, and if the resolution of the method, which was at the

moment of the order of a few microseconds, was adequate to dis-

tinguish the rate of change with time.

KeeneJ) added that his colleagues and himself had observed

several optical absorptions in pure deaerated water. The largest of

these occurred with a 2 #sec pulse. Its spectrum increased steadily

from 3000 to 6000 _ and had a life time of 1 to 2/zsec. In aerated

water, its amplitude was reduced about five fold and in oxygenated

water the amplitude fell by a further factor of three. After the pulse

much smaller absorptions occurred having spectra in the far ultra-

violet. The life time of these absorptions appeared to have two com-

ponents, one lasting for a few tens of microseconds and the other

very much longer. These absorptions ultimately return to zero.

Dorfman f) added to Keene's remarks. He had found that in

oxygenated water a second transient appeared at shorter wave-

lengths. Buehler and he had found that this transient at 2967 A,

decayed following a first rather than a second order relationship,
and that it had a half life of several hundred microseconds.
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1. INTRODUCTION

Most of our present ideas concerning the radiation chemistry of
aqueous solutions begin with the so called radical diffusion model.

The basis of this model is that the H and OH radicals formed during

irradiation of water are produced either in localized clusters or in

tracks, so that initially they tend to combine in pairs to form the

molecular products hydrogen, hydrogen peroxide, and water. The

probability of such combination reactions diminishes rapidly as the

radicals diffuse away, so that we have a fairly sharp distinction

between molecular products on the one hand, and on the other the

free radicals which escape this combination by diffusion, or by
reaction with added solutes. It follows from this model that the

total yield of water decomposition should be nearly independent

of solute concentration, while the yield of molecular products should

diminish slowly as the concentration of scavenging solutes is in-
creased.

In general the experimental facts conform with this view, and

the studies reported in this session are concerned either with parti-

cular exceptions to this general pattern, or with detailed investi-

gations of the nature and rates of the secondary reactions initiated
by the free radicals.

2. EFFECT OF SOLUTE CONCENTRATION

The first paper, by Anderson and Knight b) deals with the _ radio-

lysis of concentrated potassium iodide solutions, in which the prod-

ucts are (a) molecular hydrogen and (b) oxygen and iodine, form-

ed in amounts which together are equivalent to (a). Their obser-

vations are shown in Fig. 1, and demonstrate that the yield of hy-

drogen per unit of total energy absorbed by the system increases
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linearly with the iodide concentration. Iodide ions do not react

with the precursors of molecular hydrogen, so we would expect the
yield to remain nearly constant. This exceptional behaviour could

conceivably be due to the energy directly absorbed by iodide ions,

but the authors argue from photochemical evidence that this is

unlikely. Instead, they attribute the effect to so called "sub-exci-
tation" electrons having energies too low to excite water molecules,

i.e. less than 6.8 eV, but sufficiently high to excite solvated iodide

ions and cause their decomposition. This view is supported by the

fact that iodide ions absorb light strongly in the region of 2200 A,

and are therefore likely to become activated by electrons of about
5.7 eV energy. However, other mechanisms are not excluded.

Returning now to the more general situation, we consider various

systems in which the yield of hydrogen peroxide varies in the ex-

pected manner with increasing concentration of solute. The first

concerns the formation of hydrogen peroxide from aerated water

by the a rays of polonium. This has been studied by Carmo AntaC)
and collaborators, and some of their results are shown in Fig. 2.

Various solutes have been used to react with the precursors of the
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Fig. 2. The effect of solutions on hydrogen peroxide yields in the y radiolysis

of aerated water. (Anta et al.)

hydrogen peroxide and hence reduce the yield. Evidently the effects

of all these may be expressed by a single curve if we multiply the

solute concentration by an appropriate factor, k. If this precursor

is the OH radical, as we suppose, then k must be proportional to

the rate constant of its reaction with the solute. In this way the

relative rates of such reactions have been obtained, and we shall

refer to these values later. In the case of chloride, bromide, and

thallous ions the effect follows the predictions of the radical diffusion

model, but quite a different curve is obtained when nitrate ions are

added to the system. This is attributed to the production of nitrite

by energy directly absorbed in the nitrate ion.

The second paper in which this method is employed is by Ma-

dame Koulkes-Pujo and Ziemeckiei). These authors have studied

the reduction of solutions of sodium ehloraurate to metallic gold

induced by 7 radiation. They have succeeded in showing that the

precipitated gold does not redissolve, and they find that the mecha-
nism of the reaction is similar to that of the reduction of ceric

sulphate, so that the yield may be written as follows:

AuCI4 _ Au_

G(-Au nI) = Gr_2o z + G_ -- Gorl = 2.3 at pH 2.8.

7O
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If chloride ions are added to suppress formation of hydrogen per-

oxide, then the gold reduction yield decreases in accordance with
the radical diffusion theory. A similar, but larger, effect of chloride

ions is observed in the acid ceric sulphate system since the reaction

OH'+ C1- + H + --->OH- + CI+ H +

proceeds more rapidly in acid solution.

3. COMPETITION BETWEEN SOLUTES

A more general method of comparing reaction rates is to study the
competition between two solutes for the same free radical. Ferradini

and Madame Koulkes-Pujo f) have irradiated air free solutions of

potassium bromide under high pressures of hydrogen, so that these
two solutes both react with OH radicals. The reaction sequence is
then as follows:

H20 -->H2, H202, H, OH-

OH. +H2 -->H20 +H (I)

OH. + Br- _ Br + OH- (2)

H+ H202 _OH+ H20

H + Br _ HBr.

Hence

G(H202) = G(H2)- /(cH + GOH)\
kl[H2]

2 k2[Br-]

This relation has been verified experimentally as shown in Fig. 3,

from which one obtains k2/kl = 830. This result may be regarded

as confirmation of previous independent determinations of k2 (1.6

G(H202)

50 100 (H2)/(Br-)

Fig. 3. Hydrogen peroxide yields in the 7 radiolysis of bromide solutions contain-

ing added hydrogen. (Ferradini and Koulkes-Pujo.)

• --- 0.8:N H2SO4; I -- pH 2.15



SOLUTE KINETICS 61

× 10 TM 1 mole-lsec -1) by Burton and Kurien 1) and of kl (4.4 × 107

1 mole -1 sec -1) by Schwarz2).

Reactions of OH radicals have also been studied by M. Anbar

and Miriam Bobtclskia). These authors have irradiated solutions of

iodo-benzoic acid, and also of iodo-phenetole. In each case the

substance is de-iodinated with a G value of approximately 3, which

is independent of the presence or absence of oxygen. From compari-

son of the products formed by y radiations with those obtained with

the Fenton reagent it is concluded that the de-iodination reaction

is due to the OH radical. If a second solute is added to compete

for OH radicals then the de-iodination is lowered, and the rates

of such competing reactions have been compared in this manner.

Some of the results obtained are shown in Table 1, in which the

rate of the chloride ion-OH- reaction in acid medium is arbitrarily

taken as unity. Results obtained by other methods are also included

for comparison.

The results of these methods agree in order of magnitude, though

there are some discrepancies. In particular the small value ob-

tained for the bromide ion by the last two methods is surprising,

since we have just seen that the rate constant for this reaction is

so high that it must proceed on nearly every collision.

TABLE 1

Reactions rates of OH radicals

Suppression of G_i2o 2

T-rays 3) _x rays

(Anta)

Suppression of G(-I)

(Anbar)

Cl- (acid) 1 1 1
Br- 6 1 1.4
I- 4 11
Tl+ 14 15.8 31

Cystine 32
Iodophenol 46
Benzene 1

Somewhat similar conclusions have been reached by Zagorski

and Mine n) during studies of a reaction initiated by )_ rays in

aerated solutions of alkaline sodium sulphite. This is a chain reac-

tion in which oxygen is consumed in very high yield, and the OH
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radical appears to be the chain carrier. Added solutes suppress this

chain, and their efficiency increases in the order chloride < hydro-

carbons < proteins < hydrogen peroxide. The peculiarly high

efficiency of hydrogen peroxide has been examined more closely.
In many systems the H atom, or its precursor (the solvated

electron) may enter into competing reactions in addition to the

OH radical, and the kinetic situation then becomes extremely com-

plicated. Such a situation is encountered in the radiolysis of iron
salts and Shubin and Dolin m) have sought to simplify it by using

high pressures of hydrogen to convert the OH radical to an H

atom. This initiates a short chain reaction and we shall shortly

consider one aspect of their conclusions.
Cercek a) also reports a study of ferric sulphate solutions, to which

vinylpyridine sulphate has been added. The latter substance is

transformed into a reducing species by the action of H and OH

radicals, so that under appropriate conditions the following se-
quence of reactions takes place:

H (or OH.) + Vinylpyridine (VP) _ R"

R_-I + VP --+ R_

Rx+ Fe z++ HzO --+ R_OH+ Fe 2++ H +

H+ Fe z+ --_ H ++ Fe 2+

H2Oz+ Fe z+ --_ OH.+ OH-+ Fe 3+.

(3)

Hence G(Fe 2+) = GI_ + GoH, and this relation has been experi-

mentally verified. A common feature observed in all iron solutions

is the reduction of ferric ions by H atoms or their precursors,

represented formally as reaction (3) above. In aerated solutions of
ferrous sulphate this reaction occurs only with high concentrations

of ferric ion and leads to a reduction in G(Fe3+). Shubin and Dolin

interpret this as a competition for H atoms between ferric ions and

oxygen (H + 02 -+ HOv) while Dobson and Hughes 3) in a some-
what similar study regard the process as a competition for solvated

electrons, as follows:

Fe 3+ + H20- _ Fe z+ + HzO

HaO + + H20- --> H + 2H20

Such solvated electrons play a comparatively minor part in Shubin

and Dolin's experiments, since most of the reducing species pro-
duced in their case are H atoms formed from reaction of OH. with
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hydrogen. Cercek also observes an increasing influence of ferric

ions at high concentrations and at high pH, which causes a reduc-

tion in the yield of molecular hydrogen in his system. He attributes

the pH effect to a change in the nature of the ferric ion complex

from Fe2(OH)24+ at pH 2 to FeSO 4 at pH 0, with a consequent
decrease in the rate of reaction with H atoms.

A system somewhat similar to ferrous sulphate has been investi-

gated by Seddonl). This concerns the ? radiolysis of nitric oxide

solutions, in which the following mechanism is suggested:

H÷ NO _HNO (4)

HNO + NO -+ N20 + OH.

OH. + NO -+ HNO2.

Hence G(N20) = G_ = 3; G(NO2) = Gn ÷ GoB = 5.9; and

G(-NO) = 3 GI_ q- Go_t = 12. The values reported were observed

at pH 5.
If sufficient nitrite is added to the solution then the reaction

H + NO2- _ OH-+ NO (5)

competes with reaction (4), and one obtains

2GI-I
G'(NO2) = G_ + Gon --

1 q- k4 [NO]/k5 [NO_] "

The experimental observations conform with this relation, from

which one obtains k4/ks = 4.5.

Our studies of irradiated water have been limited in the past

by a lack of suitable systems for use in alkaline solution. Haissinsky

and Patignyg) suggest that tellurium salts may be useful for this

purpose, and they describe the radiolysis of sodium tellurite. This

is oxidized to tellurate with a G value of approximately 6 in aerated

solution. The evidence suggests the following mechanism:

Hence

HO2"_ H + + O_

HTeO3 + O2 -+ HO_ + TeOa( -+ H2TeO4)

H2TeO4 + OH- _ HTeO4 + H20

2Te v _Te vI+TO v

HO2 + Te vI --> Te vI + OH-.

1 a GG(H202) + G(Te vI) = GH20z + _ Go_ + _ _.
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In airfree solution, a very small yield of oxygen is observed and is

attributed to decomposition of hydrogen peroxide, which is also

formed in small yield. In this case the H atom acts as a reducing

agent, so that

G(Te vI) = ½ (GoH -- GH) -- G(O_) = 0.18

and

G_I_O_ = G(H20_) + G(O2) : 0.09.

In this way all the yield values have been determined, with results
which we shall consider in a moment.

Another study of alkaline solutions deals with the reduction of

potassium ferricyanide, investigated by Hughes and Willish). It is

found that the ferricyanide ion is rapidly reduced by hydrogen per-

oxide and also by the alkaline form of the HOz radical, so that in

aerated solutions the reduction yield becomes

G (ferrocyanide) = 2 GH202 + GH -- GOH = 2.0.

When methanol is added to the solution both H and OH radicals

become converted to reducing species and the yield becomes

G (ferrocyanide) methanol = 2GH2o 2 ,4- GH ÷ GOH = 7.8.

Results obtained by the two methods are compared in Table 2.

TABLE2

Yields at pH 13

HTeOa-

(Haissinsky and Patigny)

Fe (CN)_ 3-
(Hughes and Willis)

2GE z 0.6 --
GH 2.75 t 4.85
2GH2o 2 0.2 J
GoI_ 3.15 2.95

Dainton informs me that he and Watt 4) have also investigated

alkaline ferricyanide solutions with results similar to those of

Hughes and Willis. There is evidently satisfactory agreement

between the two methods with regard to Gore but the hydrogen

peroxide yields differ considerably.

The variation of radical and molecular yields with pH has also

been studied by Schiller, K6sa-Somogyi and Kissk), using aerated
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solutions of potassium dichromate. In this system the reduction

yield decreases progressively to zero as the pH is increased from

0 to 5. The authors interpret these observations in terms of (a)

variation in distribution of primary radicals with pH, and (b) varia-

tions with pH of the reactivity of the HO2 radical and of hydrogen

peroxide. They make the interesting suggestion that (a) may be due

to capture of electrons by solvated hydrogen ions.

4. CHEMICAL DOSIMETRY

Finally, we consider two papers which deal with radiation chemical

methods of dosimetry. In the first, by Dale, Davies, Keene and

Law e) it is shown that the yield of the ferrous sulphate dosemeter

varies somewhat with the purity of the sulphuric acid used in pre-

paring the solutions. Variations of up to 20% are reported in one

instance, and these are attributed to the presence of small amounts

of sulphur dioxide in the acid. The second paper is by Moroson

and LaughlinJ). This concerns the induction of fluorescence in solu-

tions of hydroxy benzoic acid, which may be used to monitor doses

in the range 10 to 10000 rads. The optimum conditions for this

purpose have been determined, and they find that the greatest sensi-

tivity is obtained when light of 295 m/_ wavelength is used to excite
the fluorescence.
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DISCUSSION

E. COLLINSON

School of Chemistry, University of Leeds, Great Britain

Dorfman (Argonne, Nat. Lab., Ill., USA) commenting upon the work of

Anbar andBobtelskia), suggested that the mechanism put forward by

these authors for the reaction of aromatic systems with the hydroxyl

radical was ingenious but incorrect. His arguments were threefold.

(i) Spectroscopic evidence from studies with pulsed radiation 1)



66 H.C.SUTTON

indicatesthat the iodineremainsin the initially formedcomplex
betweenhydroxylradicalandiodo-aromaticcompound,andisonly
lostaftera relativelylongtime.

(ii) The relativerateconstantsfor reactionsof the OH radical
with differentsubstances,asobtainedby Anbar and Bobtelski,
takentogetherwith Dorfman'sabsoluterateconstantof 4.3× l0s
molel-lsec-t for thereactionOH. -t- C6H6 _ C6H6OH leads to a

value of approximately 5 × 1011 mole l-lsec -1 for the rate constant

of the reaction OH- ÷ IC6Ha COOH _ products. This value was

stated by Dorfman to be almost two orders of magnitude too high

for purely diffusive encounters of molecular species of the dimension

concerned in liquid water, and hence led the entire interpretation
of Anbar and Bobtelski into serious difficulties.

(iii) In aromatic systems of this kind a general characteristic is

the occurrence of a large number of post-irradiation reactions arising

from the formation of cyclohexadienyl dimers. Dorfman suggested

that as a consequence of this, measurements made at "infinite"

time, such as those of Anbar and Bobtelski, reflected the lability

of the iodine atom in various cyclohexadienyl dimers and was not a

measure of the relative rates of the primary processes.

Replying to Dorfman, Anbar suggested that his value for the
relative rate constant of the reaction OH- ÷ C6H6, compared with

reactions of OH. with other aromatic compounds more soluble in

water, may be low owing to the low solubility of benzene in water

and the consequent importance of interference by adsorption. He

supported this assertion by noting that of some forty water-soluble

aromatic compounds studied, only three gave relative rate con-

stants for reaction with OH. radicals which were 100 times less

than that for iodobenzoic acid. These were the least water-soluble

compounds, benzene, toluene and chlorobenzene. All the more

water-soluble compounds showed rate constants which were within
a factor of ten of that for iodobenzoic acid. If an absolute rate

constant for the OH. _- iodobenzoic acid reaction were deduced

from the relative value with respect to certain inorganic ions and

the absolute values for these ions as quoted by Schwarz2), the rate
constant obtained was not unreasonable. Hence Dorfman's second

point created no real difficulty and the reaction of OH. with iodoben-

zoic acid probably occurs at a rate close to the diffusion limit.

Anbar did not want categorically to assert that reactions of OH.
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with aromatic compounds occurred by electron transfer processes

rather than via an addition complex. However, he thought it signifi-
cant that the reaction of OH. with iodobenzoic acid was 3 to 10

times faster than other reactions with OH. known to proceed by

electron transfer, e.g. OH. + nitrite, arsenite, thallous, cupric ions

etc. Anbar also drew attention to a change in the relative rate of

the reaction tor OH. + Br-; the figure of 1.4 quoted in Table 1

of the rapporteur's report should now be replaced by 4.0.

Loeff (Imperial College, London, Great Britain) said his work indicated

that addition of OH. to benzene does take place. The evidence

for this hinged on the dependence on dose rate of the major prod-

ucts, phenol and mucondialdehyde. He thought that the electron

transfer mechanism proposed would almost certainly imply a depend-

ence on pH in some cases at least. No such dependence had in

fact been found. With regard to the post-irradiation effects to which

Dorfman had referred, Loeff thought it possible that in the very

high dose rate region in which Dorfman worked, such effects might

arise through the formation of unstable molecules resulting from
the addition of water to excited benzene molecules. Anbar main-

tained that even if a complex of the type • C6H6OH were formed it

could not be the direct precursor of phenol, because when iodobenzoic

acid was irradiated in the presence of isopropyl alcohol the yield

of deiodination was undiminished but the main product was ben-

zoic acid. The same result was obtained photochemically.

Kuppermann (Univ. Ill. Urbana, Ill., USA), referring to the work

of Anderson and Knightb), suggested that the increasing yield at

high concentrations was unlikely to be due to sub-excitation elec-

trons. Kuppermann and Raft had recently measured singlet-triplet

excitation energies of isolated molecules by a technique involving

the scattering of a beam of electrons in the energy range 25 to 100 eV

by those molecules. Preliminary results for water indicated a

state with a vertical excitation energy of 4.2 ___ 0.2 eV above the

ground electronic state. If this result were confirmed, and if this

value were also appropriate for the liquid state, then sub-excitation

electrons in dilute aqueous solutions would have an energy less

than 4.2 _ 0.2 eV. This was inconsistent with the 5 eV required to

give photochemical excitation of iodide ions in water. Anderson

(AERE, Harwell, Berks., Gr. Britain) replying, said that the participat-

ion of sub-excitation electrons was one of five explanationswhich they
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had considered, none of which was wholly satisfactory, to explain

the increase in yields of molecular products. He was grateful to

learn that one of these possibilities could be eliminated. Another

possibility was that OH radicals could be scavenged within ex-

panding spurs by iodide ions, since the rate constant for the reac-

tion OH. ÷ I- -+ OH- q- I is high, 2 × 10 -11 cmZ molecule-lsec -1

as shown by Senvar and Hart3). The consequent replacement of

OH radicals by I atoms could change the observed yields of mo-

lecular products if the rate constants for the intra-spur reac-

tions involving I atoms differed from those for the corresponding

reactions involving OH radicals. In particular, if k(e_q +om >

k((e_-q+ I)) the present observations are qualitatively explicable.
Anderson asked Kuppermann whether, on the basis of his exper-

ience of calculations on a two radical model, he thought this ex-

planation a feasible one. Kuppermann said he intuitively thought

it a better explanation. Thomas (Argonne Nat.Lab., Ill., USA) made the

point that any increase in GHz arising from this effect tends to be
offset by the slower rate of the reaction I + I -+ I2 than that of

reaction OH. q- OH. -+ H202. This subsequently has the effect of

increasing the importance of the reaction H -[- I + HI compared

with H -k H -+ H2. Machine calculations, and the pulsed radia-

tion techniques referred to in the previous session, indicate that

Gn 2 in the system containing I- ions should be, and is, lower than
in the absence of I-.

Matheson (Argonne Nat. Lab., Ill., USA) asked Kuppermann over

what range of energy could electrons effectively produce water mole-

cules in the triplet state, and how did the cross section for such excita-

tion compare with that for excitation (in the sub-excitation energy

range) of solutes such as iodide ion? Can one say that sub-excitation

electrons will only be important in water below 4.2 eV, which is the

threshold for the production of triplet state water molecules? Kup-

permann maintained that by analogy with the case of ethylene he

would expect the cross section for excitation of the triplet state of

water to remain high (of the order of optical cross sections) up to

about 50 V above the onset of formation at 4.2 eV. Thus energy

would be transferred preferentially to water until this energy was
reached.

Zagorski n) stated that from measurements on sulphites in alkaline

solution (at pH 12; 1 N NaOH) the molecular yields of hydrogen
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lay between 0.45 and 0.50. This was to be compared with the

value of 0.6 quoted by Haissinsky and Patignyg).

Dainton (Univ. Leeds, Gr. Britain) said that he and Watt 4) had re-

cently shown that the ferrocyanide-ferricyanide-nitrou_ _id_e system

can be used to explore the variation withpH of the radical and mole-

cular yields in alkaline solution. At pH > i 1 the yields GH and

GoH increase with pH whilst GI-I2 and Gi%o 2 undergo but a slight
diminution. A similar increase in the yields of H and OH- at pH

< 3 is already well established. These data suggest that two entities,

stoichiometrically equivalent to "H" and OH., are made available

to the solute by the interaction of H ÷ or OH- with some inter-
mediate which would otherwise revert to water. Dainton and Watt

had suggested that this intermediate might be either an excited

water molecule H20* and Kuppermann's reference to a triplet state

at ~ 4 eVwas, therefore, most interesting, or a radical pair (H -? OH.).

(He stressed the point that a considerable proportion of the energy

absorbed in water is used to form isolated radical pairs.) The

reactions with H + and OH- might then be

H20*or (H + OH.) + H+--+ He++ OH.

+ OH- -_ e_-q+ OH..

In an earlier session a speaker had suggested that the increase of

G_ and GOH in acid solutions is due to the scavenging of "H"

by H + in the spurs. Though this may be true, it is difficult to envisage

a mechanism by which the addition of OH- would augment the

yield of e_ (in which form the extra "H" is known to react).

Farhataziz (Pakistan Atomic Energy Comm. Karachi, Pakistan) said

that he and Anderson had studied the y radiolysis of acid di-

chromate solutions and had found that the presence of H2 increases

the yield for reduction. Their proposed interpretation was the occur-

rence of the reaction OH- + H2 -+ H + H20. In sulphuric acid,

however, the OH radical is replaced to some extent by the HSO4

radical which does not react with H2. Farhataziz wondered whether

Shubin and Dolin m) had observed a similar effect. In the absence

of these authors the same question was put to Schiller k) who said

they had no evidence for two types of oxidizing radical in acid

solutions in the pH range of 0 to 5. He said that in his view OH

radicals could not reverse the reduction of Cr207- as they had found

no evidence of such reversibility. He agreed that in the presence of

8O
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hydrogen the yield of reduction might be expected to increase but

he did not know the fate of the OH radicals in the absence of hy-

drogen.

Schiller also suggested (in a written comment) that it was un-

necessary to postulate three forms of reducing species to interpret

pH effects in the radiation chemistry of water. In his view all such

effects would be interpreted on the basis of competition for elec-

trons by the ions H20 + and H30+. The initial spatial distribution
of H atoms is thus broader in acid solution than in neutral solution

and this accounts for higher yields of reducing radical species in

acid than in neutral solutionS).

REFERENCES

1) L. M. Dorfman, I. A. Taub and R. E. Bi.ihler, J. Chem. Phys. 36 (1962) 3051
z) H. A. Schwarz, J. Phys. Chem. 66 (1962) 255
3) C. B. Senvar and E. J. Hart, 2nd. Geneva Conf. P/1128, 29 (1958) 19
4) F. S. Dainton and W. S. Watt, in press
5) Robert Schiller, J. Chim. Phys. 59 (1962) 267

81



Radiation Chemistry of Macromolecules in vivo and in vitro

RADIATION CHEMISTRY OF MACROMOLECULES

A. CHARLESBY

Physics Branch, Royal Military College of Science, Shrivenham,

Wiltshire, Great Britain

a) A.J. BAILEY and D. N. RHODES,

Effects of ionizing radiation on collagen.

Low Temperature Research Station, Cambridge, Great Britain

b) E. F. DEGERING, G.J. CALDERELLA and FLORA E. EVANS,

Irradiation "factor-dependency": styrene.

Radiation Chemistry Laboratory, U.S. Army Quartermaster Research and Engineering

Centre, dVatick, Massachusetts, USA

c) H.A. DIEU and V. DESREUX,

Effect of the solvent on the irradiation of polyvinyl chloride with 6°Co y.

Institut de Chimie-Physique de l'Universit_ de Liege, Belgium

a) D. G. GARDNER AND C. F. SMITH,

Energy transfer in polymethylmethacrylate.

Department of Chemistry, University of Arkansas, Fayetteville, Arkansas, USA

e) j. H. GOLDEN and E. A. HAZELL,

The degradation of polycarbonate by ionizing radiation.

Materials Research Laboratory, Explosives Research and Development Establishment,

Ministry of Aviation, Waltham Abbey, Essex, Great Britain

_) P-I. HANSEN, G. GLEW and F. J. LEY,

Some effects of radiation dose rate on aqueous solutions of fl-lactoglobulin.

Isotope Research Division, Wantage Research Laboratory (AERE), Wantage, Berks.

Great Britain

g) H. MOROSON and P. ALEXANDER,

Cross-linking of DNA in irradiated cells: A comparison of the effect of

UV with ionizing radiations.

H.M. Sloan-tfettering Institute, New York, USA

P.A. Chester Beatty Research Institute, London SW 3, Great Britain

11) M. READ and J. DEPIREUX,

Application of pure quadrupole resonance to the study of radiation-resistance

in polymers.

Institut d'Astrophysique de l'Universitd de Liege, Cointe-Sclessin, Belgium

1) R.A. SLIEMERS, I. S. UNGAR, E. GULBARAN, W. [_. GAGER, J. F. KIRCHER

and R. I. LEININGER,

Radiolysis of a number of polymethacrylates and polymethacrylic acid.

Battelle Memorial Institute, Columbus, Ohio, USA

J) H. WILSKI,

Long duration irradiation of plastics at low dose rate.

Farbwerke Hoechst A.G., Vormals Meister Lucius und Briining, Frankfurt/Main-

Hoechst, Germany



RADIATION CHEMISTRY OF MACROMOLECULES 73

1. INTRODUCTION

In addition to its direct value to polymer scientists, the study of

radiation effects in polymer molecules is of considerable importance
to other branches of radiation research. The radiation chemist con-

cerned with low molecular weight compounds will be interested in

the effects of physical state and molecular weight. The radiobiolo-

gist will wish to separate out the purely physical and chemical

effects also present in simple macromolecules from the more speci-

fic biological ones in his more complex structures. The physicist will

be attracted by the problems of energy transfer and radiation pro-

tection, and by such phenomena as radiation-induced conductivity
and thermoluminescence.

Many of these basic reactions occurring in irradiated macro-

molecules appear to be deceptively simple, and a large number of
the changes produced can be ascribed to the phenomena of cross-

linking (dimerization) and degradation (main chain scission). These

changes are readily revealed by changes in viscosity and solubility.

However these basic reactions are themselves frequently modified

by the radiation conditions, and many of the papers discussed here
deal in one way or another with such modifications. Because of

the variety of materials irradiated, and the different techniques

used for their study, it is impossible to present a generalized outline

of the main conclusions. I shall, therefore, attempt to indicate for
each paper, how far the results are influenced by radiation condi-

tions. Individual authors may then wish to apply or amend my

remarks, or draw attention to aspects which I have not considered.

Unfortunately not all the contributors are present, and I note with

regret the continued absence of one who has had far more exper-
ience of radiation work than any of us -- I refer of course to the
sun.

One may consider the papers contributed to cover the following
aspects:

I. Irradiation of polymer macromolecules in the solid state, lead-

ing to changes in physical properties.

2. Influence of radiation conditions, in particular dose rate, oxy-
gen.

3. Energy transfer and radiation resistance.
4. Effect of solvent.
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5. Related biological studies, in which changes in hydrogen

bonding, crystallinity and molecular flexibility may be important.

2. RADIATION-INDUCED CHANGES IN PHYSICAL PROPERTIES

Most of the published work on the irradiation of polymers deals with

vinyl systems, having a carbon main chain. Golden and Hazell e)
have carried out a comprehensive study on the effect of radiation

on a polycarbonate, including G values (number of molecules

changed per 100 eV absorbed), changes in mechanical properties,

optical changes and gas evolution. The result is a paper of value

to polymer scientists who are concerned with mechanical properties
and to radiation chemists concerned with protection and radiation
reactions.

CH3

CH3 0

polycarbonate.

The polycarbonate degrades under radiation (i.e. suffers main

chain seission) with G values for main chain scission of 0.09 in
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Fig. l. Yield strength and extension in terms of molecular weight (as modified

by radiation). (Golden and Hazell.)
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vacuo, and 0.14 in oxygen. These low values are indicative of pro-

tection offered by the aromatic group. The gases evolved (mainly

CO and CO2) are due to destruction of the carbonate linkage; there

is little evidence of breakdown products from the isopropylidene

grouping. The weak point in the macromolecule is therefore clearly

pinpointed. The effect of oxygen is to increase the amount of CO2,

with only a minor increase in CO.

The UV spectrum at 305 m# shows a linear increase in absorp-

tion with dose. Colour changes in the visible part of the spectrum

are typical of those found in many hydrocarbons, and may be due

to conjugated unsaturation or trapped radicals. Infra-red data are

also given.

Since radiation causes a reduction in average molecular weight,

proportional to dose, the effect of this reduced molecular weight on

the mechanical properties can be readily followed. Thus both yield

strength and extension fall with reduced molecular weight, though

in different ways (Fig. 1). An interesting result is the curve relating

fracture energy to molecular weight (Fig. 2). Notable is the mole-
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Fig. 2. Fracture energy in terms of molecular weight. (Golden and Hazell.)
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cular weight at which brittle fracture begins to appear. One would

be interested to hear whether the same relationships are found at

different rates of stressing. This paper may be taken as an excellent

example of the use of radiation to study physical properties in poly-

mers.

3. ESR DATA ON TRAPPED RADICALS

In many irradiated macromolecules it is difficult to follow the indivi-

dual steps occurring between the initial ionization and excitation,

and the final chemical changes. This difficulty arises because in meas-

uring the chemical change, the specimen is treated in some way (e.g

it is heated or dissolved). One does not know whether the major

chemical changes have occurred immediately following irradiation,

or during subsequent treatment. This problem can be solved in

part by the use of electron spin resonance (ESR) to determine the

nature of any trapped intermediate radicals. Polymethylmethacry-

late (PMM) is a promising system to study because of its rigid

structure at room temperature. Unfortunately the ESR pattern is

found to change on standing; it is affected by the presence of

trace monomer, and is apparently inconsistent with the reactions

we expect to occur. The paper by Sliemers, Ungar, Gulbaran,

Gager, Kircher and Leininger 1) follows their previous work in at-

tempting to elucidate the problem. It thereby provides information
on the reactions which can occur in a solid matrix.

A number of methacrylate polymers were studied; the gases

evolved give an indication of the likely radical sites. These may then

be related to the ESR patterns as shown in Table 1.

Although the number of chain scissions increases uniformly with

dose, the overall number of radicals measured by ESR does not

increase in the same way, but tends to a maximum value at about

10 to 30 Mrad (Fig. 3). The disappearance of these radicals may
be attributed to their interaction in the solid state. This is also

shown by the fact that their concentration is lower than that ex-

pected from the amount of gas evolved. The maximum concen-

tration corresponds to an average distance between radicals of

about 50 A. This limiting spacing has been attributed by the authors

to the mobility of the chains. I would like to suggest that since

distances of the order of 100 _ have frequently been observed in

ESR patterns of irradiated polymers and in protection effects, a
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Fig. 3. Sites per monomer unit versus dose for polymethacrylic acid and several

poly-n-alkylmethacrylates. (Sliemers, Ungar, Gulbaran, Gager, Kircher and

Leininger.)

O Polymethacrylic acid • Polybutylmethacrylate
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Polypropylmethacrylate

more basic property is involved, possibly the range of energy trans-

fer prior to the formation of radicals, or the range at which H
atoms react with radicals rather than with each other.

The reactions suggested by the authors are as follows.

CH3 CHa

I I
--CH_--C--CH2-- _ --CH2--C.--CH2-- + .COOR

1 (free radical a)
COOR

Scission then occurs with double bond formation giving

CH3 CH3

--CH2--C=CH2 + "C--CH_--
I

COOR

(free radical b)

Free radical a can give a 4, 5 or 6 line spectrum, depending on

orientation of the methyl. Free radical b gives the characteristic

5-4 spectrum. H and CH3 radicals are also produced, but are

assumed to be shortlived. To account for the observed ESR pattern,

the authors assume that it is due to the superposition of spectra

from a and b, giving rise to the initial broad spectrum, which sub-

sequently sharpens as a converts to b. Any monomer present will
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TABLE I

Estimated concentrationsof various free radicals on the polymer chain in

irradiated polymethylmethacrylate (A)

(Sliemers, Ungar, Gulbaran, Gager, Ifircher, Leininger)

Type of free radical Concentration in PMMA,

sites per monomer unit × 103

CH3

HI I I
--C--C--C--

H H

CH3

H , H

[ I
--C--C--CH--

H

C=O

O

(B) 2.52

(C) 0.42

CH3 CH3

H H H I H

I I 1 [ I
--C--C--C-- --C--C--C--

L I I
H H H

C=O C=O

I f
O O

I I
CH2 CHa

(D) 2.70

total 5.64

total by ESR 0.8

(A) Based on results obtained from gas chromatography and mass spectrometry.

(B) Calculated from sum of concentrations of CO, CO2, and esters.

(C) Calculated from sum of concentrations of hydrocarbon, CH3OCH_, and

CH3COOCH3 minus COs.

(D) Calculated from sum of concentrations of H, CH3OH, HCOOCH3, and CH4.
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also react with a to give a branched radical structure, showing the

same ESR spectrum as b.

One point that might deserve elucidation is the contribution of

other radicals which, according to the gas evolution dats_ must be

produced. What happens to the ESR patterns of the radicals C and D

of Table 1 which, according to the data in the paper, represent 55%
of the total radicals in PMM?

4. PULSED RADIATION

As part of a programme on factor-dependency in radiation effects,

the paper by Degering, Calderella and Evans b) investigates the

many parameters other than radiation dose, which influence the de-

gree of polymerization of styrenO). Whereas most of the published

work in this field deals with low intensity continuous radiation, so

that steady state conditions may be assumed, Degering uses high

intensity pulsed electron radiation with dose rate effects which may

involve not only the propagation chain, but the initiation and the

lifetime of the growing chains. Furthermore, some contribution from

ionic polymerization may also be present since this is favoured at

high intensities.

A number of other variables are also investigated including the

presence of various gases (oxygen, nitrogen, helium), temperature,

moisture, additives such as acrylic acid.

The overall yield falls off with increasing dose rate, though not

as rapidly as might be expected from the radical reactions studied

at low gamma intensities. The temperature coefficient corresponds

to an activation energy in the range 5 to 8 Kcal/M for pure styrene,

but much less in a 1[ 1 solution in benzene.

5. OXYGEN EFFECT AND PHYSICAL PROPERTIES

The paper by WilskiJ) deals with the effect of dose rate on the tensile

strength and viscosity of various polymers irradiated in air. When

irradiation is carried out in vacuo, the resultant changes in mole-

cular weight and consequent mechanical properties are independent

of dose rate, and depend only on the total dose2). On the other hand,

marked dose rate effects appear when irradiation occurs in the

presence of oxygen. In this paper this dose effect has been measured

in terms of the changes in viscosity and tensile strength at the same

overall dose. Polyethylene and Caprolactam for example show a
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Fig. 4. Tensile strength of low pressure polyethylene, irradiated in the presence

of air. (Figures give dose rate in rad/hr.) (Wilski.)

reduced strength at dose rates of 380 rad/hr, but little if any at

108 rad/hr (Fig. 4). Polypropylene shows an even more marked
effect at low doses, but is in any case very sensitive to radiation

even in the absence of oxygen. Polyvinyl chloride shows only a

small dose rate effect and polyethylene terephthalate none at all.

This is in agreement with the known resistance of these polymers,

and is clearly determined by oxygen solubility and diffusion. It
would be helpful if these changes in physical properties could be cor-

related with the oxygen reacting, e.g. by measurement of carbonyl.

We may perhaps lead on from this analysis to consider two basic

problems.
(i) Oxygen presumably causes a weakening of the polymer by

reducing its average molecular weight. Does it do this by stabilizing

broken main chain links, produced by radiation, which might other-

wise recombine to eliminate the initial damage? Or does it induce

some further chemical reaction which eventually produces a main
chain break?

(ii) The reaction of oxygen with radicals trapped in the crystalline

region of these polymers can occur long after radiation has ceased.
Does this occur by diffusion of oxygen into these crystallites, with

the radicals completely immobile, or by the movement of radicals

out from the crystallites into the amorphous regions where there

is plenty of oxygen? In fact, are these radicals mobile along the

chain (e.g. by a H transfer process), and if so, is this the major

cause of post-irradiation effects?
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6. INTER- AND INTRAMOLECULAR ENERGY TRANSFER

The paper by Gardner and Smith a) attempts to analyse the rather

ill-defined process of energy transfer which occurs immediately after

the incident radiation deposits energy in a system, and before any
chemical reaction has occurred. Some such transfer is needed to

account for the fact that, while energy absorption is usually taken

as substantially random, the ensuing chemical effects are specific.

The presence of certain groups, and particularly aromatics, is known

to reduce the net effect of exposure by an amount which is greatly

in excess of its direct energy absorption (assumed random3)).

Various mechanisms have been suggested for the process; quan-

tum mechanical resonance processes acting over large distances;

stepwise processes somewhat akin to diffusion; direct transfer via

photons. A recent approach considers the initial energy absorbed

to be essentially delocalised at first (in accordance with the uncer-

tainty principle), and only subsequently is it tagged onto one group.

These various alternatives are not necessarily exclusive.

Gardner and Smith investigate the problem by studying the

degree of "protection" offered to polymethylmethacrylate (PMM)

against degradation by UV or high energy electron radiation. Two

systems are chosen: one in which PMM is intimately mixed with

n-propylbenzene, although the molecules are separate; the other in

which PMM is copolymerized with o_ methylstyrene. Thus in the

first system any protection offered by the aromatic group is neces-

sarily intermolecular; in the second system it can be intramolecular.

Closer coupling may be expected in the second system, giving a

higher degree of protection against degradation. Radiation damage

can result either from ionization, or from excitation, and the authors

compare the effect of UV light with electron radiation; the former

produces only excitation, the latter excitation and ionization. Fig. 5

shows the reduction in degradation (per unit additive) in terms of

concentration, position of aromatic, and type of radiation.

The results show that protection against excitation is somewhat

greater (1.47 _ 0.5) when the protecting aromatic structure is

present in the chain. For ionization, protection is greater by a factor

of 2 when the aromatic structure is present in the PMM molecule.

Thus to reduce the effect of excitation by one half, 0.7% of

aromatics is needed in the chain, or 1°/o if adjacent to it. The same
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Fig. 5. Protection against degradation of polymethylmethacrylate by UV or

electron irradiation. (Gardner and Smith.)

Abscissa: Per cent of additive.

Ordinate: Protection coefficient which is the ratio of the fraction of energy removed

by the additive over the concentration of the additive.
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with methylstyrene, n-propylbenzene.

degree of protection against ionization requires 6% aromatics in the

chain, or 12.5% adjacent to it. Thus energy transfer within a

molecule is more effective than between molecules. Then it may

be concluded that the absorbed energy is not delocalized over a

large volume, comprising a number of molecules, since it would

not then distinguish between inter- and intramolecular protection

effects.

One may compare this work with earlier results on aromatic

groups attached to alkyl chains, in which protection falls off at
distances of about five carbon atoms; similarly aromatic groups in

a styrene-isobutylene copolymer protect over about three monomer

units.

The protection against radiation effects due to the presence of

aromatics is often taken for granted. It does however require closer

study. For example a question may well be asked concerning the

irradiation of PMM in dilute benzene solutions. Why is the degrada-

tion of PMM by UV and by ionizing radiation so little affected by

the presence of a very high concentration of aromatics in its imme-

diate neighbourhood?
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7. RADIATION DAMAGE AND NUCLEAR QUADRUPOLAR RESONANCE

The paper by Read and Depireux h) deals with a new technique for

determining overall radiation damage in polymers, and in particu-

use of nuclear quadrupolar resonance, it is primarily confined

to nuclei such as C1, Br, I, Cu. However by the use of additives

containing such nuclei, as probes in a polymer matrix, damage in

the latter may be evaluated.

For a pure crystalline lattice with quadrupolar nuclei, a sharp

resonance line is found in the nuclear magnetic spectrum. If im-

purities are present they reduce the intensity of the line, due to

(i) their electric fields, and (ii) the distortion of the electronic shells.

These displaced resonances are shifted and lost in the background.

Thus the intensity of the resonance line falls off exponentially with

concentration of impurity.

If the damage is caused by irradiation, an exponential relation is

also found between the intensity I of the resonance line and the
radiation dose D.

I = I0 exp(-Kvr D)

where Vr is the perturbed volume, and K represents the radiation

sensitivity of the material, r_rvaries little with the type of impurity.

Thus a smaller value of K represents a more radiation resistant

material. This agrees with experiments using aromatic or aliphatic

crystalline solids. The method differs from the usual radiation

chemical techniques in that it integrates the damage from all the
radiation defects.

The authors then extend this technique to the use of polymer

systems with no quadrupolar nuclei. This is achieved by adding

about 5% of a probe molecule which does give nuclear magnetic

resonances. Experiments proved that with different probe materials

in a matrix, consistent results were obtained.

The technique was used for matrices of polyethylene glycol (PEG)

of varying molecular weights, with 5% p-dibromobenzene as probe.

In addition to the resonance from the probe, a new sharp resonance

doublet is also observed, possibly due to some molecular complex.

Fig. 6 shows the reduction in the resonance signal for the probe re-

sonance, and for the new doublet. The curves are linear with dose

(although they do not extrapdlate to the same point). Since the
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Fig. 6. Reduction in resonance amplitude due to radiation damage in polyethy-

lene glycol. (Read and Depireux.)

curves have different slopes, depending on molecular weight, the

authors conclude that the higher molecular weight PEG have lower

radiation resistance. This conclusion could presumably be verified

by other means, and may perhaps be compared with the influence

of molecular weight on the behaviour of linear paraffins.

This use of quadrupole resonance appears of interest as a new

technique for studying radiation effects, but it obviously requires

further testing before its uses and limitations are clearly understood.

The concentrations of probe material appear somewhat high, perhaps

higher than are customary in radiation protection work for example.

8. INFLUENCE OF SOLVENT

We can now turn to the effect of solvents on the behaviour of poly-
mers irradiated in solution. Here we have both direct and indirect

effects, and also other possible reactions. The paper by Dieu and

Desreux e) is concerned with this problem and also the abnormal

behaviour of polyvinyl chloride (PVC) under irradiation.

One would expect PVC to crosslink readily under radiation,

particularly as it has C1 atoms which are very radiation sensitive.

In fact doses of about 50 Mrad are needed to render the polymer

partly insoluble. Certain anomalies also appear in its behaviour
when irradiated in solution. The authors have therefore studied

the polymer in 0.5 and 2% solutions in five solvents: cyclohexanone,

o-dichlorobenzene, 1-4 dioxane, tetrahydrofurane and dimethyl
formamide.
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The importance of polymer concentration 4, 5) has been shown

in previous experiments, e.g. on polyvinyl alcohol, which crosslinks

readily in aqueous solutions at 1% concentration or above, but not
at all at 0.5°L or le_ This ¢_l_tlnctlnn 1_ ...... ll ...... ;1-,_A, v -............................ j ..... _,,_, to cornpcti-

tion between internal and external linking. Each crosslink re-

quires the combination of two radicals, and at sufficiently low

concentrations one radical is more likely to react with another on

the same polymer chain, rather than with a radical on a more

distant polymer. This leads to cyclization and microgel rather than

full gel formation.
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Fig. 7. Change in viscosity of PVC (2%) solutions irradiated in various so|vents.

(Dieu and Desreux.)

Q cyclohexanone, • dioxane, _k tetrahydrofurane

• dichlorobenzene, × dimethyl formamide

In the solvents studied, the behaviour of the dissolved PVC has

been followed by viscosity measurements, sedimentation and in one

case, infra red spectroscopy. Three different patterns of behaviour

are observed: (see Fig. 7)

(i) In two solvents (cyclohexanone and o-dichlorobenzene) there
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is little change up to doses of 50 Mrad. This appears to be due to

the nature of the radicals formed in the solvent, which, according

to mass spectrometer data may be expected to be C1. and C3H_'.

(ii) In two solvents (1-4 dioxane and tetrahydrofurane) there is

a reduction in intrinsic viscosity and an increase in the sedimentation

distribution. The corresponding solvent radicals are expected to be

CH_O..

(iii) With dimethylformamide (major radical HC = 0) the same

effects are observed as in (ii), but only at low concentration (0.5%).

At higher concentration (2%) crosslinking occurs, with a rise in

viscosity and of the sedimentation constant. These results show the

considerable importance of both concentration and type of solvent.
In the second series of solvents the authors conclude from the

reduction in viscosity that the polymer degrades. Since this same

behaviour is observed in 0.5o/0 solutions in dimethylformamide, we

might deduce that this solution also degrades, whereas the 2%

solution certainly crosslinks. It would therefore help us to know

whether the same results cannot be explained primarily in terms

of crosslinking; in the second series of solvents (0.5% and 2%) due

to the shape of the polymer molecules in solution, such links are

predominantly internal, whereas in dimethyl formamide internal

crosslinks only predominate at the lower concentration of 0.5% .If

this is true, we would expect crosslinking and gel formation to

occur in the second series of solvent at higher concentration.

To account for the high gelation dose found in PVC may we

consider the possibility of both crosslinking and degradation occur-

ring to nearly equal extents? In polypropylene tbr example, which

has the same --CH2--CHR-- structure, this is certainly the case,

resulting in a high gel dose. End linking may also be a possible

reaction, as suggested by the authors.

9. DOSE RATE EFFECTS IN POLYMER SOLUTIONS

Odours and flavours are produced in radiation processing of food

and it has been claimed that these are smaller at very high dose

rates. The milk protein fl lactoglobulin was chosen by Hansen,

Glew and Leyf) since it is a food protein readily prepared in pure

form, and contains cysteine, cystine and methionine, the break-

down products being possibly responsible for the flavour changes.

In the first paper by Hansen and colleagues attention was directed
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to the effect of concentration, pH of solution, and temperature,

while in a second contribution, the effect of oxygen was investigated.
The third paper in the series, and the one contributed to this

meeting, deals primarily with dose rate effects. Apart from their

relevance to the specific system under study, the results obtained

are of considerable interest in the study of radiation induced reac-
tions in solutions of macromolecules.

Three aqueous concentrations (0. i, 1 and 10%) of fl lactoglobulin

were studied. Irradiation was carried out either with very high in-

tensity electrons, pulsed at various rates, or with cobalt gammas at a

much lower uniform radiation intensity. The effect of these radiation

intensities was followed by four parameters; UV absorption, viscos-

ity changes, concentration of sulphydryl groups and solubility. Any

differences in the effects due to this extremely wide range of dose

rates is capable of providing information on the lifetime of the

active species. Unfortunately measurements on the effect at the

three concentrations used are not usually measured in terms of the

same parameter, so that far less information can be gained on the
importance of concentration.
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Fig. 8. Effect of electron dose rate on change in solubility of 0.1% solutions in

0.004 M NaHCO3. (Hansen, Glew and Ley.) The samples were made up in a

nitrogen atmosphere and then sealed.

-- [_-- 1.I × 106 rad/sec.

--I-- 1.1 × 108 rad/sec.
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The main conclusions are as follows:

(i) At high concentrations (20%) there is no significant dose rate

effect in the ranges 2.49 x 109 to 2.66 x 107 peak rad/sec. The

viscosity increases steadily in this range showing crosslinking as a

function of dose only.

(ii) At very low concentrations (0.1%) a dose rate effect appears

on the viscosity and on solubility, (Fig. 8) which is however small

compared to the wide range of dose rates studied (1.I1 × 108 to

2.22 x 106 peak rad/sec). At first the viscosity rises, then falls, and

this is ascribed by the authors to initial unfolding or crosslinking,

followed by degradation at higher doses. On the basis of the data

presented in the paper, this can be disputed, and there is still

considerable doubt about the behaviour of very dilute macro-
molecular solutions under irradiation. One alternative is some form

of competition between inter- and intramolecular crosslinking, with

the formation of globular microgel. A further factor is the influence

of oxygen solubility and diffusion.

(iii) Changes in UV absorption, depending on peak dose rate,

are also observed in 0.1% solution, although in view of the very

great intensity differences (a factor of hundred in peak dose rate),

these changes are not very large.

(iv) The solubility of oxygen-free 1% solutions is also affected;

a hundred fold increase in peak dose rate (1.1 x l0 s rad/sec to

1.1 × 108 rad/sec) merely reduces the effect of a dose by a factor
of 3.

(v) At the same peak dose rate, but at different pulse frequencies,

there was no difference in SH formation nor in solubility of 0.1%
solutions. On the other hand SH formation at low dose rates from

60Co gammas does show such an effect.

Various interesting features arise from this investigation. One

concerns the concept of initial protein unfolding, followed by cross-

linking or degradation. The second relates to the lifetime of the

active groups; if, as the authors state, all reactions in the protein

system are complete in less than 10 -3 sec, then the dose rate effect

for 7 rays is difficult to explain since two separate ionization tracks

will not cover the same volume within this period. Yet such an over-

lap is necessary to account for an intensity dependence.

Another question arises. Are the various effects observed always

directly related to one another? For example is SH decay affected
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to the same extent by dose rate as viscosity or solubility? Much of

the information to answer these points is referred to in passing by

the authors, and it is hoped that they will publish their valuable
data in the fullest detail.

10. HYDROGEN BONDS

The effects of irradiation on soluble proteins has been extensively

studied. The paper by Bailey and Rhodes a) deals with the corre-

sponding problem for the insoluble fibrous protein collagen, the

fibrous protein of connective tissues. The changes produced are

studied both in terms of the temperature and extent ofhydrothermal

shrinkage, and also of changes in solubility.

Collagen has an oriented, almost crystalline structure, which can

be modified by radiation. Radiation primarily destroys the hy-

drogen bonds binding the triple helix, and the helices to each other.

As a result the thermal stability of the molecule is reduced (Fig. 9).
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Fig. 9. Effect of irradiation on the shrinkage temperature of rat tail collagen.

The two lines indicate the increasing temperature interval between which

shrinkage occurs after higher doses. (Bailey and Rhodes.)

Simultaneously the shortening under a small load rose from a few

percent with no radiation, to a maximum of 70% at 6 Mrad (Fig. 10).

At doses below 6 Mrad, a further shrinkage occurred at the usual

(unirradiated) shrinkage temperature, indicating only partial dam-
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Fig. 10. Shortening of rat tail fibres during irradiation and subsequent hydro-
thermal shrinkage. (Bailey and Rhodes.)

age. Thus a dose of 6 Mrad is required to completely collapse the

original structure.
With macromolecular structures it is difficult to account for such

marked changes with relatively modest doses. The explanation is

due to the hydrogen bonding. According to theoretical work by

Platzman and Franck, 15 to 20 H bonds are ruptured per ionizing

event. There are about 300 H bonds for each of the three helix

chains, and there are 5 ionizing events per collagen triple helix for

a dose of 6 Mrad. Thus about 10% of the hydrogen bonds are

broken, and it is this which accounts for the collapse of the structure.

Reduction in solubility (due to crosslinking) was observed when

the fibres were irradiated in the presence of water (Fig. 11). Al-

though this might be explained as due to the indirect effect of the

water producing H and OH radicals, futher evidence contradicts

this view. A more plausible explanation is the increased flexibility

of the protein chains in the presence of water; it is known that

macromolecules such as polyvinyl alcohol (crystalline) can only be

crosslinked in the presence of trace water, which allows some motion

of the chains. This is further shown by the fact that the heat shrunk

and water swollen fibres are more readily crosslinked, due to their

disordered structure. The density of crosslinking quoted by the

authors corresponds to a G value for crosslinked units of 3.5, in
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Fig. 11. Effect of ionizing radiation on the solubility of collagen (rat tail tendon)

(Bailey and Rhodes.)

--•-- water swollen, 0 ° C --0-- 0 ° C, oxygenated saline

--[]-- heat shrunk, 0 ° C --O-- -- 20 ° C saline

--_-- 0 ° C saline --A-- dry.

good agreement with many other macromolecules, but of course far

lower than the loss of hydrogen bonds. The nature of these cross-
links is as yet unspecified. A suggestion that such bonds occur via

--S--S-- links or tyrosine groups is not applicable in view of their

virtual absence in collagen. As there is some evidence for the radia-

tion protection effect of sulphur, one might expect the G value

for crosslinking in other proteins to be lower.

1 l. UV AND IONIZING RADIATION

The importance of environment in simple polymer systems is also

revealed in the more complex biological system studied in the paper

by Moroson and Alexanderg). In previous work the direct effect

of ionizing radiation on DNA was found to promote crosslinking

and consequent insolubility. Now the corresponding reactions are

studied in vivo for both UV and ionizing radiations. With UV
irradiation DNA could be crosslinked in sperm heads, though not in
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E. coli or lymphoma cells. With ionizing radiation crosslinking

between DNA molecules is marked in sperm heads, but is only

slight in E. coli and lymphoma cells. Crosslinking between DNA and

protein in the cell occurs with UV radiation, which in this case is

more effective than ionizing radiation.

The most general conclusion to be drawn from this series of

papers is that they show, for a wide range of macromolecules, the
considerable influence which can be exercised on the basic reac-

tions by such factors as dose rate, concentration, and type of sol-

vent, oxygen diffusion, crystallinity, hydrogen bonding, and mole-

cular flexibility. Thus in studying such basic reactions considerable

care must be exercised in controlling these conditions.
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DISCUSSION

A.J. SWALLOW

Nuclear Technology Laborato_, Department of Chemical Engineering and Chemical
Technology, Imperial College, London SW 7, Great Britain *

At the invitation of the Chairman, two of the authors replied to

questions raised by the rapporteur. Dieu c) said that he had pre-

viously given a clear-cut demonstration of the internal crosslinking

of polyvinyl alcohol in aqueous solution at low concentration. This

was shown by a strong decrease in viscosity and a strong increase in

sedimentation constants. Such important changes were not observ-

ed for polyvinyl chloride irradiated at 0.5% concentration in the

three active solvents (including dimethylformamide). The sedi-

* Present address: Paterson Laboratories, Christie Hospital and Holt Radium
Institute, Withington, Manchester 20, Great Britain.
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mentation constants of the peaks did not change very much, but

there was an important spreading of the distribution of the sedimen-

tation constants towards lower and higher values. Hence although at

such doses, internal linking in these three solvents is possibie_ degra-

dation and probably endlinking are certainly very important. At

high doses, in all cases, there is an important change in the chemical

composition of the system, so that we do not really know whether it

is possible to use the physico-chemical relations which are valid

for the non-irradiated polymer.

Leininger i) said that work was still proceeding on the non-appear-

ance in the electron spill resonance spectrum of the radicals formed

by abstraction of hydrogen from the chain backbone and from the

methyl ester. These radicals were postulated to explain the forma-

tion of hydrogen, alcohol and ester as radiolysis products. They

are perhaps short-lived and disappear through interchain reactions

(crosslinking) or by migration along the chain to form double

bonds by an intra-chain reaction of two radicals.

Leininger's explanation of the appearance of maxima in the

number of sites made use of the influence of increasing molecular

mobility. This was based on the known degradation ofpolymethacry-

lates during irradiation and on observations of different maxima

starting with polymers of varying molecular weight.

Leininger also made a comment on the paper by Gardner and

Smitha). Leininger and his colleagues had studied polyphenyl-

methacrylate and found that it is very comparable to polymethyl-

methacrylate in stability, i.e. the phenyl group, when separated

from the main chain by an ester linkage, afforded no protection

in contrast to its action when attached directly to the chain as

in poly-a-methylstyrene.

Referring to Charlesby's report on Degering's paperb), Roberts

(UKAEA, Wantage, Berks., Great Britain) said that he and his

colleagues had not found any change in the mechanism of styrene

polymerization at dose rates up to 10 s r/hr. The rate was still

proportional to ]/I. At room temperature there is no evidence for

anything other than free radical processes.

Uri (Min. Aviation, Waltham Abbey, Essex, Great Britain) directed

some questions to WilskiJ).

(1) Wilski interpreted the observed dose-rate effect in the radia-

tion-induced oxidation of polyethylene as entirely due to the rate
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of oxygen diffusion. In view of the importance of this assumption,

Uri wondered whether Wilski had attempted a quantitative corre-

lation of the dose-rate effect with oxygen diffusion data.

(2) Could Wilski offer any explanation for the extraordinary

stability of polyethylene terephthalate, and had he found an upper

limit for the radiation tolerance of this polymer in the presence of

oxygen?

(3) Had he measured the effect of added antioxidants in the radia-

tion-induced oxidation of polyethylene?

(1) Wilski replied that polymer degradation was a result of oxi-

dation. (This could be shown, for example, for the polyolefines, by

the increasing absorption of the C=O group in the infra red.) This

oxidation is oxygen-diffusion controlled and, therefore, dependent

on the dose rate. A quantitative treatment is in progress but not

yet finished.

(2) Perhaps polyethylene terephthalate is stable because of its

benzene rings. It should be noticed that it is also very stable against

photo- and thermal oxidation. As regards the upper limit for ra-

diation stability, the experiments were stopped after about 3 yr

when the sample had had a dose of about 10 Mrad. The upper

limit for short time irradiation can be found in the papers of Bopp

and Sismanl).

(3) The commonly used antioxidants and stabilizers (the ones

effective against thermal and photodegradation) are ineffective

against )_ irradiation. However there are some quite effective sub-
stances.

Hunter (41 St. Bernards Rd., Solihull, Great Britain) had carried

out experiments on the polymerization of vinylchloride with con-

versions of up to 90%. There was little change in the molecular

weight at different stages of conversion in these experiments. There

was no evidence of any serious degradation as determined by evolu-

tion of hydrogen chloride, nor was there any obvious evidence of

any substantial crosslinking. Bawn of Liverpool University had

spoken privately of evidence for crosslinking in the gamma irradia-

tion initiated polymerization of vinylchoride, but Hunter had not
obtained evidence of this.

Okamura (Kyoto Univ., Japan) asked some questions about Gard-

ner's a) paper. Had Gardner done any experiments to compare the

rigidity or softening point of his two systems, and had he done any
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work on the change in properties of poly-_-methyl styrene? Regar-

ding the first question, the rigidity of polymer systems has a large

influence upon the reactions occurring under irradiation, because

differermes in the solid state may induce changes in the tendency nf

polymer radicals to recombine. Poly-0_-methylstyrene is interesting

since according to experimental results by Okamura and colleagues,

poly-_-methyl-styrene undergoes some degradative type reac-

tions associated with the methyl side chain, like those undergone

by polymethylmethacrylate. Also this polymer crosslinks at high

doses. Hence some of the a-methyl styrene units in the copolymer

molecules may undergo both degradation and crosslinking.

In answer to the first part of this question, Gardner had not

studied the effect of radiation on any of the mechanical properties

of the polymer systems. Work on the pure 0_-methyl styrene polymer

was not yet complete but Gardner was interested in the comment

that the o_-methyl styrene polymer crosslinks under irradiation.

Ormerod (RMCS, Swindon, Great Britain) made some comments

on Leininger's paper. Ormerod and colleagues had used electron

spin resonance to study polymethacrylates and acrylates at 77°K.

After irradiation at 77°K a single line was observed, which was due

to trapped electrons as indicated by studies with additives. This

ESR spectrum was very sensitive to the presence of impurities owing

to the electrons being trapped in different environments. This may

explain why the presence of monomer affected the room-temperature

spectra of Leininger et al. Secondly, on keeping low-temperature-

irradiated samples at 77°K, the trapped electrons decayed giving

rise to radical intermediates. These intermediates disappeared im-

mediately on warming to room temperature, leaving the well-known

stable room temperature spectrum. These radical intermediates are

probably those postulated by Leininger et al. Their failure to observe

them is due to the instability of the radicals, but the intermediates

can be observed if the correct radiation conditions are used.
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1. THE IMPORTANCE OF DAMAGE tO DNA

The very arrangement of the three plenary sessions in this group

exposes at once one of the attitudes widely adopted in present think-

ing in radiobiology, one that can be expressed most simply as:

radiation damages a vital macromolecule; that vital macromolecule

is DNA; this damage sets in train a series of biochemical events

which lead to the visible effects, cell death, chromosome abnor-

malities, mutation and so on, which are the basic matters of our

subject. This attitude has a respectable history and I can only

briefly justify it in general terms before describing the papers in
my charge.

The first step in the argument is that the initial biochemical

lesion is a single radiation event which can affect only a few atoms.

In order that this single event can be so important it is likely that

these few atoms must be part of a bigger unit, the most likely

candidates being the high polymer structures, the proteins and the

nucleic acids. Charlesby has in the previous report discussed some

of the profound changes in the structure and properties of syn-

thetic polymers which radiation can produce. Indeed more than

twenty-five years ago the effect of X rays on the physico- chemical

properties of proteins and DNA were already being studied, a

study still intensively pursued.

For transforming principle and the simpler viruses, there is abun-

dant evidence for the second step in the argument that it is DNA

which constitutes the important macromolecule, and one would like

to extrapolate to the cells of bacteria and higher organisms. (In

the case of ultra-violet light, the biological efficiency is greatest

for the wavelengths most strongly absorbed by nucleic acid. The

initial events due to ionizing radiation are distributed at random.)

The central r61e which DNA plays in molecular biology makes this

hypothesis attractive, especially for mutagenesis when the final ef-

fect is certainly a change in the hereditary material. It is our lack

of knowledge about the third step which prevents us from holding this

hypothesis as anything more than a working model. Alper will take

up this point and indicate that it is by no means the only mechanism

for radiobiological effects. However, our current prejudices pre-

dispose many of us towards it and one line of research has recently

lent a great deal of strength to this argument. Zahmenhof, De
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Giovanni and Greer 1) showed that bacteria which have incorporated

5-bromouracil (5-BUDR) in place of thymine are much more sensi-

tive to lethal effects of UV-irradiation than are bacteria which con-

tain normal DNA. This increased sensitivity is shown even by biolo-

gically active DNA, transforming principle, which contains 5-BUDR

(Szybalski) 2). So far this sensitization has only been observed with

analogues which enter DNA.

If we make the assumption that damage to DNA is the primary

radiation event, we can ask questions about what kind of damage

is important.

The complexity of the structure of the twin helix and our igno-

rance of the metabolic processes which involve DNA make this a

difficult question, even if we were to ignore the protein part of the

nucleoprotein complex in which DNA exists in the cell. As far as

DNA itself is concerned we can envisage some seven kinds of damage,

those listed in Table 1.

TABLE 1

1. Change of a base (for example deamination)

2. Loss of a base

3. Single chain fracture (one phosphodiester backbone)

4. Double chain fracture (both chains simultaneously)

5. Cross linking within the helix (for example thymine dimerization)

6. Cross linking to other DNA molecules

7. Cross linking to protein

All seven kinds of damage have been studied and all seven demon-

strated to occur. Which of these effects is important and to what

extent there are mechanisms in the cell to repair or bypass this

damagea-5), and what r61e oxygen and other agents play in en-

hancing or reducing the damage, is now one of the most interesting

studies: the papers I have now to review bear on all these points

and in their different ways exemplify the difficulties in this field.

2. RADIATION AND TRANSFORMING PRINCIPLE

The kinds of damage listed in Table 1 which have been observed

in DNA after irradiation have been based on physical and chemical

methods; using transforming principle it is possible to correlate

these observations, to some extent at least, with a biological prop-

erty which is easily measured. Hutchinson a) has made an analysis

i
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TABLE 2

99

Treatment Size Authors

X irradiation of dry TP
I

X irradiation of frozen 1

Isolutions

X irradiation of dry cells ]

X irradiation of dilute solutions

Heating in solution

Sonication

190000

210000*

260000*

1100000

Marmur and Fluke (1955) 6)

Guild and DeFiiiipes ( i 9_ 7) 7)

Ephrussi-Taylor and Latarjet

(1955) 8)

Hutchinson and Arena (1960) 9)

DeFillipes and Guild (1959) 10)

Ginoza and Zimm (1961)1a)

Litt, Marmur, Ephrussi-Taylor

and Doty (1959) 12)

* Calculated by Hutchinson from tile experimental data given in the references

cited.

of a number of investigations of transformation which have used

the streptomycin resistance character in Pneumococcus. Bringing to-
gether these data he has shown that with modest assumptions

several methods of inactivation agree in defining a unit with a mole-
cular weight about 200000 (Table 2). Hutchinson suggests that the

common feature of these modes of inactivation is that they cause

breaks in only one of two chains in the double helix. This is espe-

cially likely for heating at temperatures below those which dissociate
the twin helical structure when the main cause of inactivation is

likely to be depurination. Marmur and Lane 13) have shown that

one intact chain is sufficient to effect the transformation process.

Sonication, however, gave a much larger size for the sensitive unit
(1 000 000) but physical chemical studies show that in this case the

principal form of damage is double-chain scission. Quite naively,

one would anticipate that double-chain scission would be more

likely to occur under bombardment with the densely ionizing atomic

nuclei, if sparsely ionizing radiations break one strand. The author

reports in his paper the results of irradiating Pneumococcus DNA
(in the dry state) with 0_ rays and the ions of carbon and oxygen

(Table 3). The D 37 dose can be translated into a cross-sectional

area for the target molecule, but for densely ionizing particles in-

activation is produced by two processes, the first by direct impact

of the heavy ion and the second by 6 rays outside the core of high
density of ionizations. The cross section due to direct impact, a sctssion,

is calculated on the assumption the target is a 1.1 million daltons
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TABLE 3

The experimental and calculated cross-section for cutting

DNA strands by fast heavy ions

ion
D37 No. of events cr a a a

ions megarad passing through experi- scission drays calcul-
cm 2 DNA helix mental ated

He

c
o

X rays

×1011 10-12cm2 10-12cm2 10-12 10-12cm2

cm 2

4.88 1.5 1.1 2.1 1.8 0.295 2.1

0.85 2.2 10 11.8 8.85 3.33 12.2

0.69 3.3 18 14.5 8.85 5.92 14.8

3

The calculated cross-section for scission for the helium ion corresponds to an

efficiency of 20% for breakage in the passage of a helium ion through a DNA

double coil.

double helix, and the second cross section _ _-rays, is calculated from

the fraction of the total energy dissipated as 8 rays assuming that

they are as efficient as X rays. In Table 3 one can see there is

very good agreement between the experimental and calculated

values of these two component cross-sections, a result which strong-

ly supports the analogy between sonication and heavy ion bombard-
ment as a cause of double chain scission.

Hutchinson suggests that these two rather different values for

the apparent size of the marker can be reconciled. The first, the

million unit, is probably the minimum size of the double stranded

molecule which can be absorbed successfully by the bacterium;

the second, the 200 000, the minimum unit of single-stranded DNA

which can readily enter the process of recombination: the actual

size of the gene may well be much smaller. This interpretation, of

course, depends very much on the detailed mechanism of the trans-

formation process14), still largely unknown, and may therefore be

limited only to this process. However, the author feels that these

observations may be generalized with two interesting suggestions.

It may be that only single chain breakage is increased by oxygen

so that one might expect a decrease in the enhancement of radiation

damage by oxygen on going to more densely ionizing radiations.

(It should be pointed out that transforming principle only shows

an oxygen effect when the intact bacteria are irradiated.) The second
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is that in higher organisms it may be that the fracture of a unit

bigger than a double helix is required to produce a biological

effect. This would be easier for densely ionizing particles, so again

one might expect them to produce more damage, rad for rad, than

the sparsely ionizing.

Although the combination of chemical purity and biological ac-

tivity which transforming principle affords is an attractive one, the

mechanics of the transformation process are so little understood

that it is still difficult to assess what meaning these results might

have for interpreting what goes on in the cell. Attention must there-

fore still be paid to physical and chemical observations of isolated

nucleic acid and nucleoprotein.

3. RADIATION EFFECTS ON DNA IN THE CELL

The length of the DNA thread as it exists inside the cell is still

very much a matter of speculation but recent emphasis on very

gentle techniques of isolation has yielded preparations of very high

molecular weight. Attention to this was first drawn by Davison 15)

and his suggestion that the DNA in the T even bacterio-phage

particle constitutes one molecule of 120 million molecular weight

units is now widely accepted16).

Strazhevskaya and Struchkov|) have applied similar techniques

to the isolation of DNA from a variety of tissues and obtained

Control
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Fig. I. The change of the viscosity of DNA extracted from rat thymus glands

with time of isolation after irradiation of the whole animal, with the doses shown.

(Strazhevskaya_and Struchkov.)
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preparations of such high viscosity that they do not commit them-

selves as to whether these contain single molecules or complexes; they

call them supermolecular17). However, the viscosity of such pre-

parations is changed in a most interesting way when the animal

is irradiated prior to the isolation. Sacrificing 70 to 90 g rats at

various times,the first only 15 min after irradiation, they have isolated

the DNA from the thymus glands and the livers. In Fig. 1 one can

see even with a dose as small as 50r that there is already a percep-

tible decrease in viscosity of the thymus DNA 15 min later. At

higher doses this initial drop is followed 2 hr later by a persistent

decline. This is a direct effect on the thymus tissue: the DNA from

an animal irradiated with the thymus shielded does not show these

changes.

_300

(9
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IO0

I

-_ _1 1000hC°ntr°lAr

115000 r A 5000 r

- Regenerating
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I

J i _ IF-- --f I15min 4 24 48hr

Fig. 2. The change of the viscosity of DNA extracted from the livers of the same

animals as used for the previous figure. (Strazhevskaya and Struchkov.)

By contrast the results shown in Fig. 2 of similar preparations
from the livers of the same animals manifest a much smaller effect

and, moreover, one which is apparently reversed after some hours.

This difference in sensitivity between the two tissues is emphasised

by an experiment in which 5000 rad were given to animals which

had a 2/3 partial hepactectomy 17 hr earlier. Again there is an

apparently irreversible change in the viscosity of the isolated DNA

(Fig. 2).

These authors suggest that despite the apparent absence of DNA

synthesis in the liver there are processes of regeneration which

restore the viscosity of the DNA. However, this difference may be

more apparent than real, for the typical radiation induced chro-

mosomal abnormalities do occur in liver if cell division is stimulated

by partial hepactectomy even if this stimulus is not given for some

months after the irradiationlS). Apart from the observations on



DNA AND THE EFFECTS OF RADIATION 103

nuclear phosphorylation by Creasey and Stocken a9) there have

been few indications of biochemical differences to help to elucidate

the apparent distinction often made between the radiation-sensitive

tissues of which the thymus is typical and the insensitive such as the

liver. These results are extremely interesting but one must make one

reservation; the authors in their paper give no indication of the

percentage recovery of DNA from the irradiated tissues. Several

authors have noticed that it is more difficult to recover DNA from

irradiated cells and I shall now refer to papers dealing specifically

with this point.

4. CROSS-LINKING OF DNA BY UV

Some years ago I noticed that the recovery of DNA from fish sperm

fell dramatically after irradiation with electrons when using the deter-

gent (sodium dodecyl sulphate) method of purification20). At the time
we were inclined to the view that this loss was due to cross-links

between DNA molecules. But subsequent observations showed that

treatment of the irradiated fish sperm with trypsin abolished the

difference in the amount of DNA recovered, although the amount

of protein involved must have been very small2t). The possibility

that a similar loss of nucleic acid by cross-linking with protein can

be induced by UV has been brought to light and is reported in

two papers. In the first Smith i) has found that if cultures of E. coli

are irradiated and the cells extracted with a detergent, sodium

100-
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Fig. 3. The extractability of DNA
from E. ¢oli following irradiation
with ultra-violet light. The thy-
mine of the bacteria was labelled
with C14 and the recovery of the
radio-isotope was a measure of
the free DNA_2). The data of
Smith 32) on the loss of extrac-
table thymine under the same
circumstances is plotted for com-
parison. The strains of E. ¢oli

compared were:
• B/r; • B; 0 B; [] T-.

(Smith.)
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dodecyl sulphate, the amount of DNA recovered falls markedly

with increasing dose of UV (Fig. 3)22). The author checked that

this was not a failure to lyse. It can be seen that this effect is much

more striking than the formation of the thymine dimer to which I
will refer again later. Smith does point out it may not have any

biological significance, for this effect appears not to be related to

the radiosensitivity of the organism: the same curve of DNA reco-

very is obtained for E. coli B and its radioresistant mutant B/r. Nor

is there any difference produced after a photoreactivation treat-
ment which raised the survival 20 fold (to 20% survival). Doses of

X rays up to 1 Krad produce only a small (5%) loss and further
irradiation to 40 Krad does not increase it. But irradiation with

visible light in the presence of the photodynamic dye acridine

orange, which complexes strongly with DNA, results in a great loss
of extractable DNA, much more than does UV for the same percent-

age killing. The cross-link seems, as in the case offish sperm, to be
observed only when detergent is used to lyse the cell; if first the

bacteria are ground with alumina before the addition of the deter-

gent there is no loss of DNA.
Smith, impressed by the sensitivity and ease of detection of this

effect, is inclined to believe that protein cross-links with DNA must

be significant in the killing of bacteria by UV, but ! feel that his

own demonstration of the poor correlation between loss of DNA

and killing points to the opposite conclusion. The effect of X rays

in the case of fish sperm too seems not to correlate with biological

phenomena; it is less in the presence of oxygen and for particles of

high LET20).
However, he is supported by Moroson and Alexanderg) who have

found similar losses of extractable DNA after the UV irradiation

of fish sperm, E. coli and a murine lymphoma maintained in tissue
culture. They distinguish between DNA-DNA cross-linking which

they found only in the fish sperm and DNA-protein cross-links
which were formed in the other two. Digestion with trypsin had

only a limited effect on the loss of DNA from fish sperm but abolish-
ed the effect in the bacteria and lymphoma. They further show

that the viscosity of the extracted DNA begins to fall after a dose

only 2 to 5 times that required to reduce the bacterial survival
to 10 -3. A dose some 25 to 40 times greater must be delivered to the

isolated DNA to produce a comparable effect.
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5. RADIATION EFFECTS ON NUCLEOPROTEINS

If the problems of dealing with DNA are formidable, those of

investigating nucleoproteins are daunting. It is not surprising that
A+_I__ •
un, y recently .ave' + a few wor_ers ventured studies of this kind.

One of the difficulties is that of finding means to characterize the

material. Ruth !t_hakle) h_ ,l_orl ,-1,_,-_,-!_,.t'_ ........ +I._A_ _'__

a preparation of soluble nucleoprotein from rat thymus. This appears

to be an aggregate which is broken up to some extent by irradiation,

but it is not at present possible to say in what way and to what extent.

Emmerson, Scholes, Thomson, Wheeler and Weiss e) have, over

many years, investigated in detail the chemical effects of radical

attack on DNA, in particular base destruction and breakage of the

phosphodiester backbone. They have now applied their methods

to a soluble nucleoprotein prepared from calf thymus by the meth-

od first described by Doty and Zubay2a). Measurements of phos-

phate release and base destruction reveal that the protein has

substantially protected the DNA against radical attack, probably

by as much as 90%. The G value for base destruction is only about

0.1 as compared with 1.09 for pure DNA_4). Part of this protection

is by simple competition but a large fraction must be due to steric

hindrance. In synthetic mixtures of DNA and histone there is more
attack on the DNA than when the two have never been dissociated.
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Fig. 4. The destruction of the ni-
trogen bases of DNA in 0.01%
solutions of calf thymus nucleo-
protein by 1.1 × 105 rad of Co

rays as a function of the tem-
perature at which the irradiation
is performed. (Emmerson, Scholes,
Thomson, Wheeler and Weiss.)
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Fig. 4 showsthat theprotectiondecreasesif the irradiationisper-
formedat elevatedtemperatures.

They havefollowedup theseobservationswith an attemptto
establishthe sitesof radicalattackin intactnuclei.Thismethodis
basedon thereactionof the CO.2radicalion, itselfproducedby
radicalattackon thebicarbonateion, with theradicals(R.)fixed
in macromolecules,to producea carboxylgroup25).

HCO_'+ (H_O)- --_ CO'_-+ OH- + H20

RH + OH" _ R" 4= H20

R" + CO'-2 ---> R-COO-.

If the bicarbonate is labelled with 14C, the incorporation of radio-

activity is then a measure of the radiation induced carboxylation.

After irradiation the proteins, nucleic acids and lipids in rat liver

nuclei were separated and the 14C in each fraction measured. Only

3 to 4% of the total radioactivity is associated with DNA while

the lipid fraction, only 2% by weight of the nucleus, contained

30% of the total counts. This again suggests that the DNA is sub-

stantially protected from radical attack, but this must at the moment

be qualified by uncertainties about the efficiency of this method.

Certain carboxyl groups may be labile and therefore not measured

after isolation and the amount of radioactivity in the lipid fraction

may simply be due to the large surface the outer membrane presents

to the surrounding medium. However, this is a method of great

promise for locating the sites of radicals formed in biological mate-
rials.

6. POST-IRRADIATION METABOLISM OF DNA

Thus far I have dealt, in the main, with the damage DNA suffers

under irradiation with little reference to the part played by the -

subsequent metabolism of the cell. This is the subject of the next

two papers, both of which follow up an observation of Stuy 26)

who found that the DNA in bacteria is rapidly degraded after X

irradiation. Miletic, Kucan, Stavric, Novak and Zajed) have stud-

ied further this process of degradation. First a practical point: it

appears that the method of measurement of the amount of DNA

modifies the result obtained; different methods of DNA analysis

give somewhat different results. Fig. 5 shows a typical pattern of

behaviour for E. coli B. The immediate degradation is followed
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after some 30 min by new synthesis. This immediate inhibition of

synthesis has of course often been observed to be a consequence
of irradiation. These authors have attempted to correlate the

amount of degradation and the period of inhibition with cell dentb;

2
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Fig. 5. The synthesis of DNA in

E. coli B irradiated with 16 Krad

X rays (210 KV). Aliquots of the

two cultures were analysed by

both the Schrnidt Thanhauser

OA and the Burton methods [] x.

(Miletic, Kucan, Stavric, Novak

and Zajec.)

This has not so far yielded any clear-cut indication of the part the

degradation plays. Although the extent varies with the bacterial
strain, it clearly depends on a number of variables relating to the

cell's metabolism. For instance, in the presence of chloramphenicol

the extent of breakdown and in particular the loss of nucleic acid

precursors is much greater for cells that have received 16000 r.
Curiously this degradation does not occur if a second dose of X

rays of I0 Kr is given after an initial dose of IKr.

Drakulic and Kos b) have studied other aspects of the same

phenomenon. Stuy26) had shown that high concentrations of citrate

inhibited this post-irradiation degradation, an observation which

seemed to implicate an enzyme which degrades DNA, DNAase I,
since citrate is a known inhibitor of this enzyme. Drakulic and

Kos 27) had been unable to find any activation of DNAase in irra-

diated bacteria and they have, therefore, pursued the hypothesis

that the addition of citrate affects the normal metabolic processes

within the bacterial cell. They irradiated log phase cultures of E.
coli B with 16000 rad of X rays and incubated them, with the

,117
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appropriate controls, in media which contained certain selected

metabolites and antimetabolites, measuring at various times the

DNA content and the viability. They tested succinate, glutamate,

versene, Mg, ATP, ADP, and AMP (usually about 10-3M). In the

main those agents, notably ATP, which inhibited breakdown inhi-

bited DNA synthesis in the unirradiated controls. Again it is by

no means clear what part the degradation plays but the authors

make the very interesting suggestion that the breakdown is the

result of an unsuccessful attempt at replication.

The influence of post-irradiation conditions on the survival and

mutation rate of bacteria is a field of radiobiology rapidly growing

in importance and is touched on by Thornley and Lajtha in their

reports.

7. RADIATION EFFECTS ON NUCLEASES

The part which activated nuc]eases play in post-irradiationevents,

despitemuch work, isby no means clear28).The releaseofnuc]eases

offersanother and subtle way in which the cell'smachinery could

be damaged by radiation.Okada and Hempelmann h)have studied

in detailthe risein the activityof the enzyme, DNAase II,which is

particularlymarked in the spleen followingwhole body irradiation.

Their resultsnow show that this is probably the resultof new

synthesis in the surviving radio-resistantceils,and it seems very

likelythat itis an adaptive response to the liberationof nucleic

acid from the dead and ]ysing cells.This does not rule out, but it

does render unlikely the idea that thisenzyme isinvolved in the

damage which leads to celldeath.

8. SENSITIZATION BY BROMOURACIL (5 BUDR)

The last topic I have to mention concerns the sensitization which

follows on the incorporation of the halogen containing analogues

of thymine (see also the report of Alper). Djordevic and Szybalski,
had shown 5 BUDR to be an effective sensitizer of the Detroit 98 cell-

lineeg). Djordevic a) has now found that he can partially synchronize

cultures of these cells and that synchrony is only slightly affected

by the addition of BUDR and FUDR (Fig. 6). Irradiating samples

of these cultures with UV at various times through the first division

cycle he has observed a progressive change in sensitivity (Fig. 7),

the most marked effect being the steady reduction in the size of
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Fig. 6. The increase in cell num-

ber with time of cultures of Detroit

98 cell-line, synchronized by the

method of Terasima and Tol-

slightly lengthened and the

degree ofsynchrony less when the

endogenous supply of thymidylic

acid is blocked by 5-fluorodeoxy-

uridine (5 FUDR) and the cells

are forced to utilize the analogue,

5 bromodeoxyuridine (5BUDR)

to make DNA. Control O; with

added 10 ug/ml 5 BUDR and

4 mpg/ml FUDR • (Djordevic)
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Fig. 7. The UV survival curves

for samples taken from the cul-

tures shown,in the previous dia-

gram. It may be seen that as the

cells go through the division cycle

they become increasingly sensi-

tive. The effect of the 5 BUDR is

only apparent at 22 hours, and

this may partly be due to the

lengthening of the division cycle

(see Fig. 6). The cultures were

irradiated at the following times,

the untreated being shown by the

closed symbols and those treated

with 5 BUDR, by open symbols:

3hr @--@, 0--0; 7 hr A--_i,

A--A; 19 hr B--m, [_--23;

22 hr Y--'W, V--V. (Djorde-

vie.)

the shoulder. The sensitization by the analogue appears only late,

as one might expect if one of the effects is to slow down cell-division

(see Fig. 6). However, this preliminary result indicates that this

is a most promising method of correlating the appearance of the

analogue in the DNA with the increase in sensitivity.

Smith 0 has been investigating the effect of ultraviolet light on

some of the nitrogen bases and their analogues in an effort to

find a mechanism for this sensitization by bromouracil. His method
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stemsfromthestrikingobservationof BeukersandBerends31)that
thymine,hithertothoughtrather resistantto UV, formsa dimer
whenirradiatedin frozensolution.Irradiatingwith UV or X rays
frozensolutionsof the variouspurineandpyrimidines,singlyand
in variousmixtures,usinga d.osewhichwouldproduce90%killing
of E. coli (BT), Smith has found a bewildering number and variety

of photoproducts. The most striking of his many observations is

that bromouracil alone or with thymine is not changed, but if

mixed with uracil or cytosine it undergoes a number of reactions.

Cytosine itself is not changed but in its presence 3 photoproducts of

5-BU appear, one possibly the dimer.

It is clear from these results, confirming the original observation

on thymine dimerization, that the conditions of irradiation greatly

influence the effect of UV, and only by studying the effect of UV

on intact DNA can one hope to establish the biologically important

reactions. This Smith has attempted, irradiating bacteria with thy-

mine or bromouracil labelled with 14C a2). The whole cells were

hydrolysed and the bases located by paper chromatography. When

recovery is plotted as a function of dose, it can be seen in Fig. 8 that

within the DNA molecule, 5 BU is in fact more sensitive to photo

destruction than is thymine by a factor of 1.9. And further work

has shown that bromouracil gives rise to a great number of photo-

products.

1O 95

m 9O
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I I I
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Fig. 8. The recovery of thymine (T) and bromouracil (BU) as a function of the
UV dose delivered to the intact ceils. Aliquots of E. ¢oli B/r, after irradiation,
were hydrolysed and these bases located by paper-chromatography. (For details

of procedure see ref.a2).) (Smith.)
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9. CONCLUSIONS

The papers I have so briefly described illustrate some of the lines

of progress towards an understanding of how radiation damages
_N A R,,_ it must _'_,......... + +_'_ _"...... "_ ' "........ •.1.,1.,,..,..._ _._at _vvv auu even VllCUlCr this

damage leads to the cellular injuries studied in radiobiology is still

largely unexplained. My own feeling is that we have to deal with

a spectrum of damages, many reparable, some not, which, in the

main, have their effect when the DNA is replicated. Recently,

Hudnik-Plevnik and Stocken as) have shown that DNA made in UV-

irradiated cells is not identical with that made in undamaged cells.

Experiments using irradiated DNA as "primer" for DNA poly-

merase show that this is potentially a method for locating the lesions

which prevent replicationS4).
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DISCUSSION

K. V. SHOOTER

Chesterbeatty Research Institute, Institute of Cancer Research,
Fulhamroad, London SW 3, Great Britain

Marcovich (Lab. Pasteur, Paris, France) asked if anything was known

of the nature of the bond formed between DNA and protein as a

result of UV irradiation and whether the protein was bonded to a

sugar moiety or to a base. Smith i) pointed out that the production

of DNA-protein cross-links is not a direct effect of the irradiation;

indeed, if DNA is subsequently isolated by dispersion of the cell

homogenate in strong salt solution there is no evidence for any

DNA-protein linkage. The bonds only appear to be formed during

the isolation of DNA by the detergent method thus suggesting that

the detergent molecule may itself be involved in the bond. Moroson g)

pointed out that the extent of the bonding depended upon cell-

type. Far fewer DNA-protein bonds were formed in UV irradiated

sperm heads than in lymphoma cells or in E. coli B. Only in the case

of the sperm heads did irradiation produce any intramolecular

cross-linking of the DNA molecules themselves.

Smith did not agree with the rapporteur's suggestion that the

cross-linking and protein was not important biologically. Although

the data for UV irradiated E. coli B and B/r were similar (in con-

trast to their different resistance to X irradiation) it had been found

that this lesion did not exhibit photoreactivation. The irreversibility

of the process certainly suggested that it was of importance in rela-

tion to cell death. Analytically, the cross-linking of DNA and pro-

tein is a much more sensitive parameter of the effects of UV irradia-

tion than is the dimerization of thymine. At the 1% survival dose
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only 2°,/o of thymine dimers can be detected whereas the cross-

linking reaction accounts for 11% of the DNA. It remains to be de-

termined to what extent the cross-linking reaction contributes to

the total effect of UV light on the biological activity of the cells.

Kuzin (Acad. Sciences, Moscow, USSR) and Szybalski (Univ. Wis-
consin, Madison, Wis., USA) questioned whether the loss of DNA

from bacteria tbllowing UV irradiation could be simply interpreted
in terms of a degradation ofDNA. Kuzin suggested that the variable

response observed with different strains of bacteria might be due
not merely to the direct effect of X rays but in part to variations

in metabolism, in particular the exchange reactions, between the

different strains under normal conditions. Szybalski pointed out

the parallelism with the effects of thymineless death where degrada-
tion of DNA has been found to occur only during the process of

extracting the DNA. Drakulicb), replying in the absence of

Miletic*), stated that there was no suggestion that the degradation

of DNA was a direct result of the irradiation; it was quite clear in
the full paper that the effects observed are the result of metabolic

processes occurring after the end of the irradiation. Her own studies

and those of Miletic and Djordevic a) suggested that the effects

observed were made evident during the DNA replication stage of the

cell cycle, perhaps indicating that the X irradiation damaged the in-
formation system thus leading to abortive replication of DNA.

In response to a request from Alexanderg), StrazhevskayaJ) dis-

cussed in more detail the nature of the high molecular weight DNA

preparations described by herself and Struchkov. She pointed out

that the preparations are made by repeated partition between phe-
nol and physiological saline. The final product contains less than 1%

protein. Preliminary analyses of residual protein showed that it

contained at least ten amino-acids and that its composition depend-
ed upon the tissue used. Previously reported work had shown

that the physical properties of this "super-molecular" DNA vary

from one tissue to another. Electron microscope studies suggest
that the preparations contain bundles of DNA molecules oriented

in parallel with an approximate diameter of 400/k. The response
to X irradiation suggested that the function as well as the structure

of these preparations was different in thymus and in liver. It seems

likely that damage to these structures may be a very important
aspect of radiation injury.
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k) W. SZYBALSKI,

Radiosensitization of cells by halogen labelling of DNA, the principal target
of radiation effects.

McArdle Memorial Laboratory, University of Wisconsin, Madison, Wisconsin, USA

I. INTRODUCTION

In his report, Stacey 1) indicated that the links between chemical

studies on macromolecules and radiobiological effects are still elu-

sive. Speculations as to the nature of the target for a particular type

of damage in the cell must be based on inference, and the contri-

butors to this session have dealt with two important consequences of

ionizing radiation: mutagenesis, and cell death- which will be

defined for our purposes as the loss of the cell's ability to originate

a clone of daughter cells. The importance of radiation mutagenesis

requires no emphasis. The killing of cells by radiation is now believ-

ed to account for many effects seen in the irradiated animal, and

this exciting development will be dealt with in a later report2).

It must be borne in mind that uniqueness, rather than sensitivity

to radiation, is a necessary condition that any particular molecule

or group of molecules should constitute a target. It is unlikely that

the destruction of one out of a large number of like molecules would

bring about cell death; but the destruction of a unique molecule,

or the change of one molecule in a unique structure, might very

well do so. Stacey has already mentioned the line of thought

which leads to the concept that this unique structure is the cellular
DNA.

2. INVESTIGATIONS WITH INCORPORATED BASE ANALOGUES

This concept has indeed been the starting point for the studies

carried out by Szybalski k) and Kaplan g), who, with their c0-workers,

have examined the radiobiological consequences of inducing cells

to incorporate unnatural base analogues in the DNA. Cells grown

in this way become more sensitive to radiation, a result which is

interpreted as demonstrating that DNA is a principal target for

cell killing. Such an interpretation is supported by Szybalski's

evidence on the similarity in the degree of sensitization imposed by

the incorporation of the base analogue BUDR (5-bromo-deoxy-

uridine) on cells as a whole and on transforming principle, which
is effectively pure DNA.
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In my opinion,however,someof the datademonstratefeatures
whichcomplicatethispicture.Forexample,theincreasedsensitivity
to UV ismuchmoredramaticthanto X rays,asshownby Fig. 1,
andit is relevantthat UV, at thewavelengthused,is specifically
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absorbed by nucleic acids and bases, while no such specific absorp-

tion occurs with ionizing radiation. Another example arises from

Erikson and Szybalski's report a) that glycerol protects both normal

and sensitized mammalian cells. Szybalski regards this as an indi-

cation that the primary site of damage is the same, the glycerol,

presumably, interacting at that site. As shown by Fig. 2, however,

the sensitized cells are protected to a somewhat greater extent, and

this difference could perhaps be as significant for deducing the

nature of the damage done to the two types of cell as the fact that,

qualitatively, glycerol is protective for both.

Kaplan, Zavarine and Earle 4) have compared the enhancing

action of oxygen on cells with natural and unnatural bases, using

bacteria as test organisms. They found that thymine substituted cells

were subject to the same oxygen enhancement ratio as normal ones;

but, when purine analogues had been incorporated, the picture

was quite different; the cells irradiated in anoxic conditions de-

12:]
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Fig. 2. Protection of sensitized and normal mammalian cells by glycerol against

X ray induced loss of colony forming ability (Erikson and SzybalskiS)).

• 2 x 10-SM BUDR, unprotected.

A 2 X 10-SM BUDR, unprotected, plotted against double the doses given.

x 2 X 10-SM BUDR, protected by glycerol.

Q Control, unprotected.

O Control, unprotected, plotted against double the doses given.

+ Control, protected by glycerol.

monstrated identical survival curves, the treated cells being sensitive

only when irradiated in the presence of oxygen. This intriguing

result demonstrates that, if effects on DNA are heavily implicated

in cell killing, the phenomena involved are likely to be more subtle

than gross effects such as main chain breakage.

3. RADIOSENSITIVITY AND DNA BASE COMPOSITION

Kaplan, Zavarine and Earle have followed a different line of evi-

dence from which they have inferred that cytosine may be a particu-

larly "sensitive" target for the killing of cells by X rays. This is

based on a striking correlation between the radiosensitivity of bac-

teria and the proportion of bases represented by the guanine-cyto-

sine moiety as shown in Fig. 3.
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Fig. 3. Correlation between base composition and sensitivity to X rays: Ordinate:

guanine + cytosine content of each strain used, expressed as the percentage of

total DNA bases. Abscissa: dose of X rays to give 10% survival (based on the

final slope of the survival curve). (Kaplan, Zavarine and EarlO).)

A dramatic contrast between the actions of UV and ionizing radia-

tions is demonstrated by Haynes's 5) recent finding of a correlation

in exactly the opposite sense for killing by UV, a result confirmed

by Kaplan for some of the strains used.

4. THE INFERENTIAL APPROACH

Haynes, Inch and Uretz a) have used an inferential approach in

attempting to obtain an insight into the primary sites of radiation

action. They used as their starting point the evidence that nitrogen

mustard (HN2) effects chemical changes in DNA which lead to cell

death, and examined the combined effects of radiation and HN2

treatment.

'128
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It was necessary first to develop a technique for assessing dose-
effect relationships, and concentration of HNz was used as the

variable; the end-point for any given concentration was established

by obscrving the final survival, which reached an equilibrium

value after sufficiently long exposure. The extent of interaction of

this preliminary treatment with UV or X irradiation was judged
by the extent to which survival curves resembled either those for

cells irradiated without HN2 treatment (no additivity), or those in

which the initial killing by HN2 might have been caused by the radia-
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Fig. 4. Survival of E. coli B/r after

UV (O) or after UV following

treatment by nitrogen mustard

(HN2) (0). Dotted lines show

expected survival curves for no

additivity or complete additivity

of the treatments. (Haynes, Inch

and Uretz.)

tion itself (complete additivity) as shown in Fig. 4. Examination of

these effects with haploid yeast and E. coli B/r led them to conclude

that there was considerably more interaction on HN2 treatment with

UV than with X rays. They inferred that structural or physiological

factors in the cell are more important for determining response to

X rays than the "mere presence of DNA molecules".

So farwe have distinguished only surviving and non-surviving cells,

without considering at which stage failure occurs. It is known that

mammalian cells rendered inviable by radiation may divide one

'129
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or more times before they die. Elkind and Han c) have made precise

measurements of growth and division in total irradiated popula-

tions as well as in the survivors. The results shown in Figs. 5 and 6

may be summarized as follows:
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Fig. 5. Growth of unirradiated Chinese hamster cells and of the total population

and the surviving cells after 433 rad of X rays delivered to a population in the

logarithmic phase of growth (17 hr after plating). T2 = average time required

for population to double. (Elkind and Han.)

(i) Division delay is the same for surviving cells and total popula-

tion (and therefore for non-survivors), and is linearly related to dose.

The delay is just over one-tenth of the generation time per 100

rad.

(ii) After the initial division delay, generation times of surviving

,130
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Fig. 6. Growth curves for total irradiated populations of Chinese hamster cells

after various doses of X rays. (Elkind and Han.)

and non-surviving cells are equal to each other and to that of a

non-irradiated population.

(iii) The total number of divisions undergone by non-surviving

cells depends on dose, as shown by Fig. 7. A dose which has killed

90 % of the cells leaves the non-survivors able to go through an average
of two divisions.

In the light of these results, the authors are unable to agree with

the postulate that cell death, division delay and the appearance

of chromosomal aberrations all stem from an initiating damaging

event involving DNA chain breakage, since division delay is im-

posed to the same extent on survivors and non-survivors alike. The

authors conclude that there are substances other than DNA which
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Fig. 7. Average number of divisions, as a function of X ray dose, of Chinese

hamster cells no longer able to form colonies (i.e. killed cells). (Elkind and Han.)

are required for replication: in normal, unirradiated cells the syn-

thesis of these substances and of DNA (and indeed all syntheses) pro-

ceed in step; but in the irradiated cell these synthetic processes are

uncoupled, and the inhibition which leads to division delay occurs

independently of the loss of ability to synthesize the substances

needed for replication. Elkind and Han suggest that the latterloss

is responsible for cell death, and that the killed cells are able to go

through just so many divisions as are required to dilute these sub-

stances below a required level. The postulated damage of the ability

to synthesize some one particular cell constituent is in accord with

the classical concept of a unique target, but it is an important part

of the argument that it is different from the target for delay in

division. The dependence on dose of the number of divisions a

killed cell may undergo is more difficult to interpret in terms of

target theory. It would seem plausible that, if a given concentration

of this material in the cell is postulated, sufficient to support several

divisions, the dose dependence is a result of the destruction of mole-

cules of the postulated substance itself.

5. CHEMICAL TESTS ON DNA IRRADIATED in vivo AND in vitro

The differing conclusions arrived at by all these authors in regard

to DNA as a principal target for cell killing by radiation may be

examined also in the light of studies by SmithJ) of the effects of

radiation on DNA in cells. Of all those he was able to observe, the

i a.,
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one most sensitive to detection by chemical methods was the cross-

linking of DNA to protein. Like Moroson and Alexander1), Smith

found that this effect was observable only to a very small degree

after X irradiation, but was more marked after UV. Smith found

the effect to be most closely associated with cell death when this

was brought about by the action of visible light on cells treated

with acridine orange, a compound thought to form a complex with
cellular DNA.

6. EFFECTS OF RADIO-ELEMENTS INCORPORATED IN NUCLEIC ACID

Yet another technique for assessing the importance of interactions

of radiation with cellular DNA has been used by Apelgot a) and

Moustacchii). They caused radio-elements to be built into the

molecules of the cells by growing these in media containing one or

other cell constituent in radioactive form, at very high specific

activities. The cells are stored, and, during storage, the disintegra-

tion of an atom may cause cell death. Usually this so-called "sui-

cide" is due to transmutation rather than to ionizations caused by

the emitted particle. Apelgot studied the suicide phenomenon in

the strain E. coli B/r, used by Haynes, Inch and UretzO). In her ex-

perimental conditions, as in theirs, exponential survival curves were

observed after X rays, but they were sigmoid after UV.

Apelgot examined the suicide effect of 32p, of 14C labeled thy-

mine and of 3H labeled thymidine. The two latter radio-elements

were presumably incorporated exclusively into DNA, whereas the

a2p was incorporated into both RNA and DNA. Cell deaths follow-

ing decay of a2p or of 14C atoms were due overwhelmingly to trans-

mutation of atoms, rather than to ionizations, whereas ionizations

caused by the very soft SH fl-particles contributed a large part of

the effects due to 3H decay. Suicide curves for 14C and 32p decay

were respectively of exponential and sigmoid form, i.e. were respec-

tively reminiscent of killing by X rays and by UV. The results are

difficult to interpret, since the differences may arise from the

different chemical nature of the events following a disruption of the

phosphate linkage, and a change in the thymine or its bonding

when the 14C atom disintegrates.

Moustacchi has compared dose-effect relationships for the killing

of haploid yeast by X rays, 32p and UV. When yeast cells are

freshly harvested from a suitable medium, a proportion of cells
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arein therestingstage,whiletheremainderaredividingorbudding.
The buddingcellsarecomparativelymuchmoreresistantto X
rays6),particularlywhenthesearedeliveredin aerobicconditions7):
thedifferencein sensitivityis far morethancanbeaccountedfor
by the doublingof anycell constituent.Moustacchi'sresultsare
paradoxical:suicideby 32pyieldsan exponentialform of curve,
suchthat thewholepopulationappearsuniformlysensitive;on the
otherhand,the longerthecellsarestored,thegreaterthepropor-
tionof survivorswhichdemonstratethatsensitivityto X rayswhich
is characteristicof buddingcells(Fig. 8). It seemsasif the 32p
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Fig. 8. Survival of irradiated haploid yeast cells, grown in 32p (30 mC/mg),

after various times of storage at 0 ° C. (Moustacchi.)

decay killed the resting cells selectively, although no sign of this

selection is apparent in the suicide curve. The situation is compli-

cated by Moustacchi's unexpected discovery that the survivors of

3zp decay mutate at high frequency in respect of resistance to X

irradiation. These genetically radioresistant strains are not diploid

strains, as she showed by genetic analysis, and they contain the

same quantity of DNA as the parent strain, and have about the

same sensitivity to UV. Furthermore, the resistances of the budding

fractions are the same in the original and resistant strains (Fig. 9).
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Moustacchi has therefore examined two different kinds of radio-

resistance, as compared with the sensitive vegetative cells of the

original wild type. (i) The budding cells, whether of the original

strain or resistant strain, have the same sensitivity to 32p as the
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Fig. 9. Survival of haploid yeast cells exposed to X rays. @ : Wild type strain,

× : Resistant mutant (resistance induced by 32p incorporation). (Moustacchi.)

vegetative cells; deaths appear to be due to a2p incorporated into

DNA, rather than RNA; and they occur at the rate of about one

death for 100 disintegrations in the DNA. (ii) The genetically X

ray resistant strains, like the physiologically X ray resistant frac-

tions of each strain, have about the same sensitivity to UV and to
asp as the sensitive strains.

I believe that Moustacchi's results might be interpreted by postul-

ating that some substance required for replication forms a target

for the killing of vegetative cells by X rays and so renders them

more sensitive than the budding cells which are capable of synthesiz-

ing it anew. This agrees with other dataV), and the increased sensi-

tivity to X rays, but not to 32p decay or UV, is accounted for by

postulating that this target is not nucleic acid.
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7. RADIATION INDUCED MUTATIONS IN MICROORGANISMS

A disruptionwhich does occur primarily in the genetic matcrial of

the cell,and consequently killsit,isregarded by many workers as

a lethalmutation. In yeast,itispossibleto make crosses,and there-

fore to determine whether a lethalevent isa mutation in the classi-

cal sense,and whether itis dominant or recessive.By using this

technique Magni previously concluded that a large proportion

of deaths caused by X rays in haploid yeast are non-geneticS).In

the present studyh), however, he has calledallthesedeaths recessive

lethal damage, which he assessesby subtracting the observable

dominant lethal damage. The dose-effectrelationshipfor the so-

called recessivelethal damage in a haploid population may then

be used to calculatethe survival curve for a diploid strainderived

from the haploid, given any postulated number ofsitesfor recessive

lethaldamage (Fig. 10). Magni's own data give a good fitto a
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Fig. 10. Expected survival curves of diploid strains, with numbers of sites of

recessive lethal damage as shown. • Experimental points of Magni. (Magni.)

curve for a postulated number of about 100 loci. The strain used

by Magni was "prototrophic", i.e. the cells could synthesize all

their requirements from organic salts. Such cells may suffer muta-

tions to "auxotrophy" (inability to utilize one or other chemical

pathway), and Magni studied the induction by X rays of mutational
events of this nature. The number of loci at which such mutations

can occur in yeast is estimated to be 70 to 100, i.e. of the same
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order as the number of sites at which lethal mutations can occur.

Provided the induction of biochemical mutations is linearly related

to dose, Magni's experiments show that an average of one such

biochemical mutational event per cell would occur if 2000 K roent-

gen were delivered, whereas an average of one lethal event per

haploid cell occurs if 2.5 Kroentgen are delivered. Magni concludes,

thereibre, that the average sensitivity to lethal mutations is several

hundred times greater than to biochemical mutations. In the lan-

guage of target theory, the target for a lethal event is very much

greater than for a biochemical mutation, which Magni inclines to

regard as a "point" mutation, while lethal events, he thinks, are

likely to be associated with chromosome breaks.

The study of the mutational step from auxotroph to prototroph

is technically easier than the reverse, because large populations of

the auxotrophic parent can be seeded on minimal medium, but

only the prototrophs will grow out into colonies. Witking) observed

that mutations of this type, when induced by UV, occur in consider-

ably higher yield when amino-acids are available to the bacteria

immediately after irradiation than when they are plated on mini-

mal medium. Kada f) has gained further insight into this phenome-

non by using a strain of E. coli requiring tyrosine, methionine,

uracil and thymine for growth. He examined the induction of muta-

tion to the ability to synthesize tyrosine, and assessed the relative

importance of active protein, RNA and DNA synthesis after irradia-

tion by withholding or supplying respectively methionine, uracil

and thymine. There was a striking difference in the mutational

effects of UV and X rays: with UV, the yield after a given dose was

considerably reduced if either protein or RNA synthesis were inhib-

ited; whereas the yield of X ray induced mutants was unaffected

by the presence or absence of any of the substances which the

parent auxotrophic strain required for growth. Kada suggests that

the difference might be explained by assuming that the X rays act

directly on the DNA, and the UV on some other component to

produce the mutation. This is a surprising conclusion, since ioniza-

tions can occur at random in any cellular constituent, whereas UV

is specifically absorbed in nucleic acid. Kada offers in support of

his suggestion evidence from some previous results 10) obtained with

E. coli K12, a strain which demonstrates sexuality, in that genetic

characters are transferred from donor to recipient cells. A donor

137



128 TIKVAH ALPER

parent, auxotrophic for threonine, gave rise to prototrophic mu-

tants when irradiated; when these donor cells were mated imme-

diately after irradiation with similarly auxotrophic recipient cells,

prototrophs were also recovered from the offspring of the mated

cells. The ratio of prototrophic zygotes to prototrophic mutants in

the donor cells was considerably greater after X than UV irradia-

tion, which, in the author's opinion, points to a greater likelihood

of the mutational event having occurred in the DNA when X rays
were used.
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Fig. 1 I. Reversion to prototrophy of tryptophan-requiring mutant of E. coli B/r.

Effect of oxygen and n-ethyl-maleimide on induction of prototrophs by 7 radia-

tion. (G = number of induced mutants per 108 survivors.) (Bridges.)

A different possibility for the site of an X ray induced mutational

event in bacteria is postulated by Bridgesb), who used a strain of

E. coli requiring tryptophan for growth, and examined the effect of

oxygen and of n-ethymaleimide (NEM), a chemical which he had

previously found to enhance radiation killing11).

From previous studies Bridges had proposed that this chemical

might act in a manner analogous with oxygen; furthermore, that

it is likely to react with -- SH groups or -- S free radicals, which are

contained in certain amino-acids or in protein molecules. It seems

likely, therefore, that NEM modifies radiation damage to protein.

Bridges has plotted his results as logarithm of number of mutants

per 10 8 survivors ("G"), as shown in Fig. 11. Enhancement ratios
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TABLE 1

Enhancement of radiation effects on E. coli WP 2 by

oxygen and N-ethylmaleimide
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Oxygen 3.16 2.44 2.10
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Fig. 12. Number of prototrophs per unit volume, induced by X rays in different

conditions, as a function of surviving fraction in those conditions. (Bridges.)

are given in Table 1. This shows an enhancement by NEM which

is nearly as high for mutation induction as for killing, and he sug-

gests that this may be evidence for mutation induction via damage

to protein with which NEM is complexed, or, alternatively, that
damage to protein might at a later stage express itself in DNA.

In Fig. 12 Bridges' data have been plotted as absolute yield of

mutants against surviving fraction. This shows clearly the markedly

smaller oxygen enhancement ratio for mutation induction (MI)
than for killing (MK). Indeed, we see from Fig. 11 that MI
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would be very low indeed if it were based on doses to give a much

lower value of"G". The change in MI with dose might be evidence

that mutation induction is not a completely random event in the

population as a whole, which is a basic assumption in assessing

mutation yield as mutants per survivor. That there is not complete

randomness is the conclusion Hill e) comes to, in examining the

same mutation after UV. She deduces that the physiological state

of some cells in the population may predetermine their greater proba-

bility of becoming mutants. Further, from her studies of the proto-

trophs themselves, and their progeny, she has suggested a mecha-

nism which has a bearing on all the papers dealing with biochemical

mutants. Her studies of the action of UV in inducing tryptophan-

requiring cells of E. coli B/r to revert to prototrophy, and of the

characteristics of the induced prototrophs and their progeny, have

led her to conclude that there is a "suppressor" locus in the genome,

i.e. the ability to carry out the synthetic step in question may be

suppressed. This, it is suggested, may happen when a particle called

an episome 12) attaches to the locus, and the cell with the attached

episome is auxotrophic. Detachment changes the cell genetically

to prototrophy, but, as her studies show, this form of prototrophy

is unstable, i.e. the episome can readily be re-attached, and can

remain re-attached in the progeny. There is good evidence that

episomes exist, i.e. particles which subsist in the cell, but which

may or may not form part of the genome; and there is some evi-

dence that they are DNA particles13). If there is generality in the

phenomenon of auxotrophy via the attachment of an episome at a

suppressor locus (and Hill quotes evidence which shows that there

may be), then we might envisage the induction ofprototrophs from

auxotrophs by radiation as being due either to destruction of the

episome, or to disruption of the bond holding the episome in place.

In the light of such suggestions perhaps the evidence offered by

Kada that DNA is the seat of the primary X ray mutational event,

but not the UV one, should be re-examined.

Bridges' suggestion that DNA linkage to protein may be involved

in reversion from auxotrophy to prototrophy could fall into place

here. However, I should like to mention one aspect of Hill's results,

namely the effect of visible light after UV (Fig. 13). If the number

of prototrophs per unit volume is plotted as a function of surviving

fraction, it can be seen that, at every level of survival, fewer mutants
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are observed in suspensions which have been exposed to visible

light. This indicates that the "photo-restoration" phenomenon is

more effective in reversing mutational than killing events; if we

take into account also the relatively low oxygen effect; nhserved
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Fig. 13. Reversion to prototrophy

of tryptophan-requiring mutant

of E. coli B/r. Number of proto-

trophs per unit volume induced

by UV. O: Kept in dark after

irradiation. × ."Exposed to visible

light after irradiation. (Hill.)

by Bridges, for mutations induced by X rays, it is tempting to

regard the target for the induction of biochemical mutants as nucleic

acid, whereas killing may be due to a large extent to a target of a

different chemical nature. At any rate, these observations strongly

support Magni's conclusion that biochemical mutations and cell

death are due to primary events of a very different nature.
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DISCUSSION

A. TALLENTIRE

University of Manchester, Great Britain

The rapporteur's superimposition of Haynes 'a) data in which he

shows an increase in UV sensitivity as the DNA thymine content

increases, upon that of Kaplang), who finds an increase in X ray

sensitivity as the guanine-cytosine (G-C) base pair composition of

DNA increases, brought comment from both audience and authors.

Howard-Flanders (Yale Univ. New Haven, Conn., USA) remarked that

it is unlikely that an effect of base ratio would be evident, unless DNA

is a principal target of UV and X irradiations ; furthermore, he noted

that the findings of these workers support the view that the G-C base

pairs may be involved in the cellular inactivation by X rays and the

adenine-thymine (A-T) pairs in the cellular inactivation by UV. This

latter point was taken still further by Haynes, who remarked that thy-

mine dimerization may well be the chemical reaction induced by this

type ofphotoexcitation. This author described current experiments in

which sensitivity to nitrogen mustard is being investigated as a function

of base pair composition of DNA in bacteria. On the basis of recent

evidence of Brookes and Lawley 1) that nitrogen mustard alkylates

guanine in DNA, Haynes predicted that the results from these new

experiments would parallel Kaplan's results with X rays.

Kaplan agreed with the remarks of Howard-Flanders summarized

above, and offered supporting evidence for his interpretation

of the radiosensitization of bacteria containing halogenated purine

and pyrimidine analogues in their DNA. According to the author,

his results are consistent with those obtained by other workers who

carried out in vitro irradiations of aqueous solutions of purines and

pyrimidines; the radiation-induced chemical changes show a de-

pendence on oxygen with purines and an independence with pyri-

midines. In this connection, Kaplan called attention to a difference

in hydrogen bonding between the two strands of the DNA helix
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containing different substituted analogues ofpurine and pyrimidine
bases.

In reply to a request for his interpretation of the mechanisms of

radiosensitization by base analogue substitution, Szybalski k) em-

phasized the need to consider two aspects of sensitization: (1) the

intrinsic sensitization of DNA molecules, and (2) the effect of sub-

stitution on the repair of DNA molecules. Szybalski quoted evidence

for a repair mechanism based on work performed with the radio-

sensitive bacterial strain E. coli Bs 2) which seems to be devoid of

any repair mechanisms. With substitution of 5-bromodeoxyuridine

(BUDR) in this organism most of the analogue radiosensitization

does not occur. Further support for his concept of intrinsic sensitiza-

tion was drawn from his recent experiments involving in vitro UV
irradiations of DNA with and without BUDR substitution. In con-

trast to normal DNA, substituted DNA shows fragmentation and

increased reactivity.

Magni h) elaborated on the rapporteur's presentation of his work

by stating that his most recent findings suggest that the number of

sites sensitive to recessive lethal damage in his yeast strain is 25 to 30,

rather than 70 reported in his paper. He drew attention to the fact
that this smaller number is similar to the number of chromosome

arms and suggested that recessive lethal damage is due to large

chromosome rearrangement or large chromosome deletions.

Moustacchi i) reiterated the explanation for 32p decay induced

X ray resistance given in her paper, an explanation opposed by the

rapporteur. The author stated that the appearance of X ray resistant

cells in populations of yeast cells containing incorporated a2p could

not be explained by the selective killing of resting cells, since this

radioresistance remained unchanged upon isolation and subculture

of these cells. Further, she showed that this characteristic is genetic-

ally transmissible and she feels that these findings point to a genetic

basis for induced X ray resistance rather than the explanation

proposed by the rapporteur.

In a final statement to this session, Kadaf) re-emphasized his

position on the observed difference in the transmission of X ray

and UV induced mutants in E. coli K12 Hfr. From the high level of

incorporation of X ray induced mutants, he concludes that the

site responsible for X ray induced mutation is on the chromosome.

However, he does not draw the corresponding conclusion that the
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principal site for UV action is in the cytoplasm from his observation

of a low level of incorporation with this type of radiation. His

suggestion was that this result may well stem from repair or other

mechanisms in the female bacteria.
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1. INTRODUCTION

It is a commonly held view in radiation biology that cell killing

by ionizing radiations is primarily a consequence of the deposition

of energy in the cell nucleus. The first of the papers in this session

has a bearing on this general concept, for Bowen's b) paper is an

extension of the studies of Sparrow and his colleagues 1) on the rela-

tion between radiation-induced growth inhibition and nuclear vol-

ume or DNA content in higher plant species. Bowen has studied
the relation between the LD 50 values obtained from irradiated

seed of forty plant species and the DNA content per cell in these

lO

×
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L0
q) I

0.1
10 100

LD50 ( K rad)

Fig. 1. The relationship between

LD 50 and DNA content for 40

plant species. The lines represent

regressions of log DNA on log

LD 50 and vice versa. (Bowen.)

forms. The results are shown in Fig. 1, the two lines representing

regression of log DNA content on log LD 50 and vice versa; the

difference in the slopes of the lines being a measure of the scatter of

the data. Although the LD 50 values extend from about 1000 rad for

seeds of sensitive plants, such as pine trees, to about 100000 rad

for the more resistant mustard seeds, the correlation is highly signi-

ficant (p -- 0.003). This result thus supports the contention that

the vital target in the cell is the nucleus and that the amount of

DNA is an important variable.

2. CHROMOSOME DAMAGE AS A CAUSE OF CELL DEATH

If we accept the hypothesis that the nucleus is all important, then

it is logical to suspect that a large proportion of the lethal effects

of radiation are simply consequences of the genetic loss which in-

evitably follows upon breakage and rearrangement of chromosome

structures. Read and Wakonig e) have attempted to test this hypo-
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thesis in experiments using Viciafaba roots. Comparisons were drawn

between the chromosome breaking and growth inhibiting capabili-

ties of a variety of chemicals, such as triethylenemelamine and nitro-

gen mustard, and also various kinds of ionizing radiation. Their results

show that although different concentrations or doses of the various

radiations or chemicals were required to produce a given level of

growth inhibition, at this level the frequency of chromosome frag-

ments, or micronuclei, is similar between treatments. In other words

a strong correlation exists between the degree of growth inhibition

and the amount of chromosome damage, regardless of the type of

radiation or chemical employed. Furthermore, it appears that the

time of expression of growth inhibition is correlated with the time

of appearance of chromosome damage.

If genetic loss is the important factor in cell killing then certain

aberration types, such as those which yield bridges and fragments at

anaphase, should have a greater damaging effect than others, such

as symmetrical translocations, which result in little or no genetic

loss. This problem is considered by Revell_) who presents data on

frequency at metaphase of the various aberration types induced in

Vicia faba roots exposed to 50r X rays. The data are analysed in

an attempt to determine what proportion of the cell population,
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Fig. 2. Frequency of defi-

cient cells induced through-

out one mitotic cycle in

Vicia root tip cells exposed

to 50 r of X rays. (Revell.)
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and their descendants, suffer large chromosome deficiencies. The

data and conclusions are summarised in Fig. 2, from which it may

be seen that the average probability of a cell being so damaged

that both its daughter nuclei contain large deficiencies is about
0.15.

Since Revell's paper was received for this report, Hall, Lajtha

and Oliver 2) have published a paper giving survival curves for

Vicia root cells as deduced from root growth inhibition studies. From

these curves, at a dose of 50r of X rays, the fraction of cells which

lose their reproductive integrity is about 0.2 to 0.25. This estimate

is clearly similar to that arrived at by Revell, despite the fact that

in the cytological study small fragments, described as minutes, were

deliberately excluded in classifying deficient cells.
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Fig. 3. Aberration frequen-
cies in X irradiated pig
kidney cells. (Stroud, Brues

and Svoboda.)

Another approach in the study of the importance of chromosome

aberrations is to seek information on the fate of cells carrying

chromosome damage, by serial examinations following irradiation.

We have to remember, however, that aberration frequencies deter-

mined in the first hours or days after irradiation may be influenced

by mitotic delay. For instance, in Painter's a) experiments with

HeLa cells, which will be reported on in detail by Lajtha in a later

session, it has been shown that a dose of 300 r of X rays gives a

mitotic delay of about 17 hr, whereas with 500 r cells may be delayed

in reaching mitosis for about 28 hours. Mitotic delay is evident in

the results of early fixation times in the data of Stroud, Brues and
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Svoboda i) on aberration frequencies in X irradiated pig kidney

cells (Fig. 3). These authors show that the aberration frequency is

highest in the first division cycle following irradiation, and then under-

goes a progressive decline, damaged cells either losing their capacity

for proliferation, or competing unfavourably with cytologically un-

damaged cells. Dicentric aberrations were found to be rapidly elimi-

nated, but, as has been shown in other materials, reciprocal trans-

locations were maintained within the populations.

How and why some of the aberrations are eliminated and others

perpetuated is the question to which Bora, Singh, Patil and Mouli a)

address themselves. Their paper describes an attempt to see whether

or not there is a consistent pattern in the elimination of various

aberration types in X irradiated seed of tetraploid (T. dicoccum

2n = 28) and hexaploid (T. aestivum 2n = 42) wheat. Cells were

sampled from root tips up to 18 days after irradiation and were

classified into five categories:

u I

_' 32 _ 32]
U °/_ .-Z

2 li ,7 22 7 12 17
NUMBER OF DAYS AFTER SOWING NUMBER OF DAYS AFTER SOWING

Fig. 4. Relative frequencies and rates of elimination of the various aberrant cell

types in Triticum (Bora, Singh, Patil and Mouli.) For classes of cells see text.

a. Elimination of Class 1-4 cells in 7". aestivum var. Kenphod (6x = 42) after

30000 r X rays

O--O Class 1 A--A Class 3

• -- • Class 2 •-- • Class 4

b. Elimination of Class 1 cells in 7". dicoccum var. Jaya 808 (4x = 28)

O--O 30000 r ZX--/_ 7500 r

O--• 15000 r
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class 0 - cells without any apparent chromosome abnorma-

lities,

class 1 - cells with either a single centric ring or a single

dicentric chromosome, but no fragments_

class 2 - cells with two aberrations, either dicentrics or cen-

tric rings,

class 3 - cells of class 1 or 2 but accompanied by fragments,

class 4 - cells with gross changes such as polycentrics and

cells containing only acentric fragments.

A typical result illustrating the relative frequencies of the various

classes is shown in Fig. 4, from which it may be seen that the class 1

cells are not only predominant over the other aberrant classes,

but also persist for the longest period. An analysis of the data is

complicated by the fact that a cell could shift from one class to

another, e.g. by loss of a fragment. In other words, the aberrant

chromosome structure could be eliminated rather than the cell carry-
ing it. Kinetic studies on the rates of elimination lead to the conclusion

that the probability of undergoing further division decreases with

increasing class number, within both tetraploid and hexaploid spe-

cies. Furthermore, the actual probabilities for mitosis in a given class

of cells varies with dose and may differ between the two species.

3, RADIOSENSITIVITY AND PLOIDY

The data discussed thus far strongly implicate chromosome damage

as a cause of loss of reproductive capacity, so that it is reasonable

to expect that polyploid cells should be more resistant than diploid

cells, since they may require inactivation or loss of a larger number

of homologous chromosome regions. This possibility is explored by

R_v_sz and Normang) and by Hornsey and Silinic).

R6v6sz and Norman X irradiated cell suspensions of a hyper-

diploid (ELD) and hypertetraploid (ELT) line of Ehrlich ascites

tumour cells in vitro, either in the presence or complete absence of

oxygen. Following irradiation, the ceils were introduced into dif-

fusion chambers and placed in the peritoneal cavities of mice. The

rates of increase in cell population size were then determined at

various times, and the results are shown in Fig. 5.

Following irradiation in nitrogen, the slower growing ELT line

was found to be more resistant to the depressant effect of radiation

than the ELD line. The doses required to prevent any increase in
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J Irradiation in oxygen
60 J _ -m.

L.)_ 4 m .... • ..... • ELD Or

:_-_ / ©-'rP j-:-_-----.,-z_ E_T)45o,
/ m- 1

u. 20 / /

Idcz / ._.'" _ /!."" /_',,- _ _."aF" ""-'_---• ELO 6OOr
m ld 10 " / _" -- - -" ELT 600_ :1/ "__= -k..,,/-'-" - E,D905,

z<=o::t - --'-
jU I
<_ O 5 10 15 20 25
aid DAYS AFTER CHAMBER IMPLANTATION
_.O,_

Irradiation in nitrogen
_)m60

Z . __I ELD 0 r

_.j40O0 I-_O • ELT 0 r
_7

J-_ AI_ ,_..- ,'/_ _ ELT I000 r

_z_ 20- .J-I' . f_ ELT 2000r
wS_" L_._._-----2--_-_-o " ___-_..._._--_-o ELT 3000 r

mld_:_ __,__ ...... ELD ,DOOr
mm 10-_.ir"_'_--'_/•'_ .-,,- _ ELT 4000r
_ 8Z_._ _./ -_ ..... -I- I ELD 2000,3000,4000

d _

Old DAYS AFTER CHAMBER IMPLANT4kTION

Fig. 5. Cell population size following irradiation in oxygen (a) or nitrogen (b)
of hyperdiploid (ELD) and hypertetraploid (ELT) Ehrlich cells. (Rdv6sz and

Norman.)

cell number over and above the initial inoculum size were about

4000 r and 2000 r respectively. However, irradiation in oxygen gives

quite a different picture, in that the radiosensitivity differences

observed between the diploid and tetraploid lines irradiated in

nitrogen were abolished. The growth curves obtained at a given dose

in oxygen for both cell lines were similar, and in both lines no

increase in cell number occurred after a dose of 900 r. Expressing

the results in a somewhat different way we may say that the oxygen

enhancement factor for the ELD line is roughly about 2.2, but for
the ELT cells is about 4.4.

R6v_sz and Norman suggest that the correlation between cell

ploidy and radiosensitivity under anoxic irradiation implies that

genetic damage is a major cause of cell death. The results for the

irradiation in oxygen, however, are taken to imply that factors

other than genetic ones are mainly involved in cell death under
aerobic conditions of irradiation.
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Fig. 6. Cell survival and telophase abnormalities in diploid and tetraploid

Ehrlich ascites tumour cells (Do is the slope of the exponential part of the curve).

(Hornsey and Silini.)

a. Tetraploid tumour

Oxygenated cells: • Normal telophase (15 hr) Do = 110 r, O Surviving cells

Anoxic cells: • Normal telophase (15 hr) Do = 220 r, A Surviving ceils

DoN_ for abnormal telophase: 2.0
-- :
DoO2 for cell killing: 3.1

b. Diploid tumour

Oxygenated cells: • Normal telophase (18 hr) Do = 220 r, O Surviving cells

Anoxic cells: • Normal telophase (18 hr) Do = 600 r, _ Surviving cells

DoNs for abnormal telophase: 2.7

DoO_ for cell killing : 2.7
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Hornsey and Silini also used a hyperdiploid and near tetra-

ploid line of Ehrlich ascites tumour cells, with modal chromosome

numbers of 46 and 96, in their studies on the relationship between

telophase abnormalities and cell survival. As with the materials

used by Rdv6sz and Norman, the tetraploid strain had twice the

nuclear volume and DNA content of the diploid, and the cells were

irradiated as suspensions in vitro, at ice temperature, and under

controlled gas conditions. Cell survival was determined from the

ratio of tumour takes from irradiated and unirradiated cells injected

subcutaneously into young mice3). Telophase abnormalities were

scored from cells inoculated intraperitoneally and fixed at 15 or

18 hr after irradiation, and the results are summarized in Fig. 6.

If the radiation target volume for chromosome aberrations is

the chromosome volume, then the ratios of the slopes, or Do values,
for aberrations in the 2n and 4n cells should be in the ratio of

1:2. This is observed if the irradiation is given in 02, but in N2 the

ratio is higher, approximating to 1:3. In other words the oxygen

enhancement ratio for aberrations in tetraploid cells is less (2.0)

than in diploid cells (2.7). However, as R6vfsz and Norman also

found, the oxygen enhancement ratio for cell killing is the other

way around: 4n -_ 3.1 and 2n - 2.7. Hornsey and Silini conclude

that the 4n cells present some additional target for chromosome

damage which is relatively insensitive to the presence of oxygen at

the time of irradiation. Furthermore, as the oxygen enhancement

ratios for cell killing (3.1) and telophase abnormalities (2.0) in the

tetraploid line are different, then those aberrations which are little

affected by oxygen appear to play little part in cell killing.

4. RADIOSENSITIVITY AND PROLIFERATIVE CAPACITY

In the work of Stroud et al., to which we have already referred, and

in the paper by Sinclair h) attention is focussed on the cytological

structure and behaviour of mammalian cells which survive high

doses of X rays. Sinclair shows that following exposure to a single

dose of X rays of predominantly diploid Chinese hamster cells (clone

V79-1) cultured in vitro, the surviving single cells give rise to

clones which vary in size and growth rate. So-called large colonies

and small colonies are produced, and the relative frequency of

small colonies increases with increasing dose (Fig. 7).

By subculturing individual colonies, or parts of colonies, informa-
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tion was obtained on growth rate, chromosome number, cell size,

plating efficiency, aberration frequency, and radiosensitivity of cells
from colonies of the two types. The results are summarized by
reference to four clones

clone 71 - large colony, normal cell size distribution.

clone 72 - large colony, increased frequency of large cell

types.
clone 79 - small colony, normal cell size distribution.

clone 80 - small colony, increased frequency of large cell

types.
Cell size and chromosome number in these clones were found to

be closely correlated, but no correlation existed between these para-
meters and clone size (Fig. 8). The differences in clone sizes were

therefore a function of growth rate (Fig. 9). From this figure it

may be seen that the average cell doubling times for large clones
is the same as in unirradiated cells, about 11 hr, whereas the popu-
lation number in small clones increases at less than half the normal

rate.

Cells from large and small clones were exposed to a second dose

1°'i
lO6 t
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Fig. 9. Growth of large and small
clones of hamster cells after trans-

plantation. (Sinclair.)
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Fig. 10. Survival curves for large and small

clones of hamster cells. (Sinclair.)
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of X rays and the survival curves obtained are shown in Fig. 10. Ceils

from large clones appear not to be influenced by their previous radia-

tion history, and yield a normal survival curve with an extrapolation

number of 3 to 4 and a Do value similar to the Do value of 203 rad

obtained from cells exposed to radiation for the first time. Ceils

from small colonies also show little change in extrapolation number,

but are more radiosensitive, having a Do value of about 145 rad.

50, 5OOr A/

_o, __/.o_

1_t ...... /:
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Fig. 11. Growth curves of pig kid-

ney cells after X irradiation. Up-

per curves: growth rates of con-

'trol and three surviving clones

following a single X ray dose.

Lower curves: growth rates of

the three clones after a second

dose of radiation given 9 months

after the first. Note the higher

sensitivity of the slower growing

clones. (Stroud, Brues and Svo-

boda.)

Doubling time after the single

dose:

control (B2): 1.5 days
(10): 2.04 days
(3): 1.75 days
(8): 3.3 days.

From these results Sinclair suggests that the damage resulting

in small colony formation occurs in sites other than those directly

involved in cell survival. Furthermore, neither the radiation-

induced changes in chromosome number nor, apparently, the aber-

ration frequency appear to be correlated with what might be called

the proliferative capacity, as measured by growth rate and plating

efficiency. Radioresistance is, however, positively correlated with

proliferative capacity, a finding which is supported by the results

of Stroud et al. as shown in Fig. 11.

5. CONCLUDING COMMENTS

The proliferative capacity of a cell is clearly a function of the whole

cell, although in the last analysis the nucleus, as the cell governor,

must be of supreme importance. The results of the papers discussed

are in accord with this concept, in that nuclear damage, or more

156



148 H.J. EVANS

specifically chromosome fragment loss, appears to be a primary

cause for loss of proliferative capacity. However, it is not always a

cause, for cells may carry considerable chromosome damage with-

out being inviable.

Again, under differing conditions, the relative importance of

various intra- and extra-cellular factors may alter. This is well

illustrated by the fact that in Sinclair's experiments (and see also

Till 4)) tetraploidy per se did not appear to influence radiosensitivity,
whereas with Ehrlich cells irradiated under anoxia, appreciable

differences between the radiation response of diploid and tetra-

ploid cells became apparent. At the moment it seems that we

are in no position to draw any simplified general conclusions relat-

ing chromosome damage and cell viability, but recent advances,

particularly in single cell mammalian biology, offer high hopes for
the future.
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DISCUSSION

T. R. MUNRO

Strangeways Research Laboratory, Cambridge, Great Britain

In response to a request from the Chairman Tobias (Univ. of Calif.,

San Francisco, USA), R_v_szg) pointed out that the stem line of tu-

mour cells was often aneuploid. His ELD line had a diploid

number of 46, against the normal number of 40 for the mouse.
The two distinct marker chromosomes in this line were mono-

somic, and it was possible that the genome might be monosomic

for certain chromosomes which were critical in determining radio-

sensitivity. In the ELT hypertetraploid line, on the other hand,

the stem line appeared to be an exact doubling of that of ELD.

Hornsey°) mentioned that she had also measured survival by
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inoculating cells into the brains of adult mice. These survival curves

differed from those obtained in baby mice; they were steeper, and

the extrapolation numbers were greater. Immunity developing in
the adult hosts did not seem to account for the whole of this dif-

ference; other post-irradiation culture factors seemed to be of im-

portance, and they affected cells irradiated in nitrogen more than

those irradiated in oxygen. As a result the oxygen enhancement

ratio obtained with inoculation into the brains of adult animals

was 2.4 compared with 3.1 when baby mice were employed. She

emphasized that the telophase damage had been studied in cells

grown under conditions different from those in which survival was

measured, and urged caution in comparing the two sets of results.

She then expressed surprise at the smallness of the doses which Rfivfisz

had found sufficient to prevent proliferation. Rfivfisz replied that

his cells were grown in diffusion chambers bounded by membranes

with pores 0.5/_ wide, which permitted peritoneal fluid to diffuse

through but protected the cells from cell-mediated host reactions.

In comparison with direct intraperitoneal inoculation, these were

adverse conditions so far as cell multiplication was concerned.

Sinclair h) said that, in addition to small irradiated colonies, he

had isolated a small slow-growing clone from a population of normal

unirradiated hamster cells. Its performance and increased radio-

sensitivity were very similar to those of irradiated small clones. This

and other evidence ruled out the possibility of the difference in sensiti-

vity being due to residual radiation damage. The evidence he had

accumulated since the Colorado Springs meeting showed clearly

that ploidy per se did not influence the radiosensitivity, but that

cells of low proliferative capacity were always more radiosensitive.

Tobias asked Sinclair why he believed that the damage which result-

ed in small colony formation occurred at sites other than those which

determined cell survival. Sinclair replied that according to simple

muhitarget theory, at doses beyond the shoulder of the curve all

surviving cells would have received (n -- 1) hits. Further increase

in dose should affect the number of survivors but not their character,

unless additional damage which was still dose dependent was being

recorded at other sites. Since the spectrum of colony sizes continued

to decrease even beyond the shoulder, the increase in intermitotic

time did seem to be due to damage at sites other than those deter-

mining survival. Other explanations were possible, but less likely,
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and Sinclair emphasized that the sites involved might well be nuclear.

In reply to a question by yon Borstel (Oak Ridge Nat. Lab., USA)

Bowen b) said that his LD 50's were scored at maturity, or after one

year in the case of gymnosperms. Von Borstel, quoting work by

Sicard 1) said that in timothy seeds a number of cells entered into

the germination process, but only a fraction of these needed to be

killed in order to inhibit germination. This complicated the situa-

tion and he urged caution in attempts to relate sensitivity with the

DNA content per cell.

Asked by the Chairman to justify his postulated correlation be-

tween DNA content and LD 50, when one of the points was out

by a factor 10 so far as DNA content was concerned, Bowen said

that he had no explanation for the scatter in his points, and had

tried to emphasize that it was not possible to predict the LD 50's

of seeds by measuring their DNA content. Evans mentioned that

in Bowen's work some 40% of the species were polyploid. Work by

Sparrow 2) and his colleagues had shown that polyploidy per se

was quite an important factor in sensitivity tested in this way in

higher plants; some of the scatter might thus be due to the inclusion

of tetraploid and hexaploid plants. Sparrow (Brookhaven Nat. Lab.,

USA) said that, when different diploid species were compared, his

group had found that the average amount of DNA per chromo-

some gave a much better correlation with radiosensitivity than the

amount of DNA per nucleus. They concluded that chromosome

number or, more specifically, chromosome arm number, was also

a factor which must be considered. Alper (Hammersmith Hospital,

London, Great Britain) asked Sparrow to comment on the fact that

in mammalian cells, where there was a wide range of chromosome

numbers, the sensitivity appeared to vary by a factor of at most

two. Sparrow assumed that this might be ascribed to the greater

complexity of mammalian systems.

Barendsen ( Radiobiological Inst., Ro_swijk, Netherlands) asked Horn-

sey whether there was a difference in the oxygen enhancement

ratios at high and low dose levels, and whether the difference

between the figures of 2.7 and 3.1 was significant over the whole

dose range. She replied that the ratios given referred to doses

which gave the same survival in the middle of the exponential part

of the curve. The actual ratios would then increase slightly, but not

significantly, as the dose was increased. The "shoulder" of the
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survival curves was not sufficiently accurately defined for an enhance-

ment ratio referring to this region to be measured.

Lindop (St. Bartholomew's Hospital, London, Great Britain) said that

the work of Hornsey and Rdvdsz could be interpreted as meaning

that the presence of oxygen masked a difference in sensitivity, which
could be demonstrated under anoxic conditions. She mentioned

that she had found a variation in LD 50 of only 10% with age

when mice were irradiated in oxygen. In nitrogen, the variation

over the same age range was by a factor of nearly two.

Cohen (General Hospital, Johannesburg, South Africa) mentioned that

he had found that attempts to induce tumour resistance in mice

with irradiated isogenic tumours always failed when the inoculum

was irradiated under fully anoxic conditions, but occasionally suc-

ceeded when the irradiated tissue was oxygenated. He suggested

that irradiation under anoxic and oxygenated conditions produced

qualitatively distinct antigenic changes, and asked Hornsey to com-

ment. She replied that in her system cells given 12600r anoxi-

cally increased the TD 50 of untreated tumour cells to a great-

er extent than cells given 1720 r in oxygen, so that the effect of

oxygen seemed to be in the reverse direction. On the other hand,

cells given very high doses (36000r) under anoxia produced little

if any immunizing effect on the host. She emphasized that her

system was quite different from Cohen's, and that the tumour-

host relationship was in no way isogenic.

Goldfeder (Cancer and Radiobiol. Res. Lab., New York 32, USA)

focussed attention on cytoplasmic damage. She had made electron

microscopical observations on mouse lymph nodes and tumour cells

grown in vivo. At 100 min after 200r, dilation of vesicles in the

endoplasmic reticulum was observed, leading to breakage of the

plasma membranes. At 10 rain after 3000 r, the plasma membrane

collapsed and intracellular constituents like mitochondria and micro-

somes poured out. Damage was particularly impressive in plasma
cells.
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1. INTRODUCTION

The papers to be discussed in this session can be arranged in the

following scheme.

A first group deals with changes in sensitivity during oogenesis,

that is with sensitivity differences between stages of meiosis in the

female. The material for one investigation is the wasp Habrobracon.

For the other it is parthenogenetic lines of the crustacean Artemia.

The second group deals with sensitivity changes during sperma-

togenesis, that is with sensitivity differences between the germ cell

types from early spermatogonia to mature spermatozoa. Batemanb),

working with mice, scores effects that presumably are due to trans-

locations, while the two Drosophila workers scored mutations as the

criterion of damage. The work on silkworms is mainly concerned with

mutations but considers also cell death. This leads to the paper by

Monesi f) on mice, which I have put into a group of its own because it

is concerned only with death of irradiated germ cells, in relation to

the temporal pattern of DNA synthesis. This forms a link with:

The third group of papers, which deal with sensitivity changes

during the mitotic cycle. The cells are treated either in the living

organs (mouse gut, plant roots) or in culture (HeLa cells,

Chinese hamster cells). Two papers describe results obtained by a

double-labelling technique. All but one use cell death and mitotic

delay as criteria of damage. The paper by Dewey and Humphrey a)

measures chromosome damage and is concerned with the effects of
dose fractionation and dose rate. This forms a link with the work
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by Tazima and Kondoi), who compare dose rate responses in dif-

ferent stages of spermatogenesis.

2. SENSITIVITY DURING OOGENESIS

Let us consider the papers in group I. Whiting k) compares the

frequencies of visible mutations induced by X rays in prophase and

metaphase in oocytes of Habrobracon. This investigation rounds

off a series of studies in which similar comparisons have been made

for lethal mutations. Fig. 1 summarizes the results for dominant and
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Fig. 1. The frequencies of Dominant (D) and Recessive (R) lethals and of Visible

mutations (V) in irradiated oocytes of Habrobracon. (Whiting.)

recessive lethals and for visibles. A given dose of X rays produces all

these effects much more frequently in metaphase than in prophase.

In order to obtain quantitatively comparable results in prophase,

one has to use a 20 times higher dose. For dominant lethals, cytolo-

gical studies have suggested an explanation of the difference. Breaks

produced in prophase give rise to bridges at the first meiotic ana-

phase. In Habrobracon, as in Drosophila, such bridges tie together

the two inner nuclei of the tetrad and do not harm the zygote

nucleus, which is one of the outer ones. On the contrary, breaks

produced in metaphase give rise to bridges at the second meiotic ana-

phase, and half of these are lethal to the zygote nucleus. This still
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leaves unexplained the refractoriness of prophase nuclei to the pro-
duction of recessive lethals and visible mutations.

Ballardin and Metalli a) have used Artemia, an organism in which

the timing of meiosis is facilitated by synchronous development of

the oocytes, each stage having its characteristic position within the

genital tract. The criterion of damage was hatchability inhibition,

interpreted as dominant lethality. Their main results are shown in

Fig. 2. Hatchability is lowest in the earliest prophase stage scored

,oo

112
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\

I I I I I

0 1 2

(Kr)

Fig. 2. The frequency of domi-

nant lethals in irradiated oocytes

of Artemia salina, a - Early pro-

phase; b - Middle prophase; m -

Metaphase. (Ballardin and Me-

talli.)

and increases throughout prophase to a maximum at metaphase.

This is in direct contrast to the data on Habrobracon, and the

authors discuss several tentative interpretations of the discrepancy.

I should like to mention an additional factor which might be con-

sidered: the absence of the cytological mechanism which in Habro-

bracon protects the zygote nucleus against most of the damage

due to chromosome breakage in prophase. It should also be realized

that the Italian workers and Mrs. Whiting use the term prophase

in a different sense. Prophase in Habrobracon is the stage preceding

diakinesis while in Artemia even the earliest scored oocytes had

already passed diakinesis.

One more paper belonging in this group arrived too late for

Io4
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inclusion in the scheme. Singh h) studied chromosome fragmenta-

tion after irradiation of premeiotic inflorescence buds of tomatoes.

He too found highest sensitivity in early prophase; a second peak

of sensitivity occurred in metaphase II.

3. SENSITIVITY DURING SPERMATOGENESIS

We now come to the second group of papers, those dealing with

spermatogenesis. Bateman b) compared the sensitivity of spermatids

and spermatocytes of mice by determining the incidence of sterility

and semi-sterility among sons and daughters conceived at different

times after irradiation. Semi-sterility is presumed to be mainly due

to translocations. A summary of the data is shown in Table 1.

TABLE1

Sterile and semi-sterile progeny of males given 200 rad

Weeks after irradiation

Treated cell stage
3 4 and 5 Control

spermatids spermatocytes

Nr.

Nr.

F1 males

effectively mated 65 54 34

% sterile 17 5.6 2.9

% semi-sterile 13.8 2.0 0

F1 females
effectively mated 52 49 26
% sterile 11.5 8.2 11.5
% semi-sterile 30.4 8.2 0

(Bateman).

Among sons, the frequency of semi-sterility was almost 7 times as

high in the third week, representing irradiated spermatids, as in the

fourth and fifth, representing irradiated spermatocytes. This agrees

with previous findings of the author on dominant lethality. The

incidence of sterility paralleled that of semi-sterility, contrary to

what had been concluded in the abstract from preliminary data.

Among the daughters, sterility was not increased by irradiation of

the father. Semi-sterility showed the same trend as among the sons

but at a considerably higher level, a finding for which Bateman

offers various tentative explanations. It can be seen that the sum

of sterile and semi-sterile sons equals that of semi-sterile daughters
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in both periods. This supports a suggestion made to me by Catta-

nach, who thinks that many translocations (not necessarily involv-

ing the X or Y) cause complete sterility in males but only semi-

sterility in femMe,_,

Hannah-Alava e) has determined the sensitivity pattern for visible

mutations at 9 specific loci on the third chromosome of Drosophila.

She also scored Minutes and other dominant visible mutations. The

results of 7 replicate experiments are summarized in Fig. 3. They
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show the familiar pattern of a rise of mutation frequency in an inter-

mediate brood (here the third) followed by a steep drop in late

broods. The fact that maximal mutation frequency coincided with

minimal fertility suggests that the peak of mutation frequency oc-
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curred in spermatocytes. However, so few offspring were obtained

in the third brood (less than 300 flies carrying 6 mutations) that the

confidence limits of mutation frequency in this brood must have

been very wide. Mutation frequency in spermatogonia was probably

underestimated because clusters of identical mutations (that is of

mutations induced in a spermatogonium and subsequently multi-

plied by replication) were counted as single mutations, apparently

without taking account of the fact that the non-mutant flies in these
broods must have occurred in similar clusters.

While cluster formation does not affect the calculation of muta-

tion frequencies, it raises a statistical problem for the calculation

of the standard error, which has to be based not on the known

number of tested spermatozoa but on a smaller unknown one of

spermatogonia. Purog) has tried to determine this number by an

analysis of mutant clusters in late broods, after the sterile periods.

He subjected flies from Hannah-Alava's experiments to tests for
recessive lethal and visible mutations on the third chromosome.

Lethals from the same male were cross-tested for identity. Table 2

TABLE 2

Frequencies of different cluster sizes in successive broods

Brood 4 5 6 7

days 8 to 10 11 to 12 13 to 14 15 to 16

Number of 1 27 13 1 -_ +-1 ;1

clusters 2 2 2 ; 1 -_ _ 1

of size 3 4; 1 -+ 1

4 1

5or6 1 1-+ +1

8 z-l-+

11 or 12 2 _1

(Puro).

shows how the mutants in successive broods are distributed over

clusters of various sizes. Several clusters extended over two or more

broods. This has been indicated by arrows next to the numbers. Such

continuing clusters are attributed to mutations in the primary or

predefinitive spermatogonia, which act as stem cells for the second-

ary, cyst-forming ones. From the pattern of clusters, their absolute

sizes and their sizes relative to the total progeny of which they form-

ed a part, Puro has drawn the following conclusions: (i) broods

IG7
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6 and 7 are derived from treated primary spermatogonia. (ii)

Brood 5 traces back to a mixture of treated primary and secondary

spermatogonia. (iii) Brood 4 is also derived from secondary sperma-

togonia, but the clusters were too small to be discovered in his

progeny samples. (iv) The number of primary spermatogonia is

estimated as 5 per male. This provides a basis for calculating

the standard error of the observed mutation frequency. (v) The ratio

of mutation frequencies in mature spermatozoa and spermatogonia

is 2.9 with fiducial limits 4.0 and 2.3.

The last paper in this group, by Tazima and Kondo i) has been

discussed already in a plenary session. Its relevance to our present

session rests on the evidence it provides for a difference between

germ cell stages in response to dose rate. In both male and female

silkworm larvae only the earliest germ cells show the same dose

rate response as the spermatogonia of the mouse, i.e. they yield

higher mutation frequencies after acute than after chronic irradia-

tion. Late spermatogonia and oogonia show exactly the reverse

response, that is : lower mutation frequencies after acute irradiation.

Cytological evidence suggests that, at least in the testis, this dif-

ference is due to the more extensive killing of late spermatogonia

by acute radiation. Repopulation of the depleted testis seems to

occur from dormant germ cells which are highly resistant to killing

as well as to mutation. This will reduce overall mutation frequency.

After chronic irradiation, there is less cell death among late sperma-

togonia and, consequently, less dilution of mutation-sensitive by
mutation resistant cells.

Cell death at different stages of the spermatogenic cycle is the

subject of Monesi's t) investigation. Spermatogonia in the mouse go

through the following stages: 4 generations type A, 1 generation

intermediate, 1 generation type B. It is known from Oakberg's

work 1) that type B and intermediate spermatogonia are much more

radiosensitive than type A ones; moreover, type A spermatogonia

form a heterogeneous population, including some highly resistant

cells. Monesi has formed an attractive hypothesis to account for

these observations. In a previous study he had determined the

lengths of the periods of DNA synthesis (S) and of those preceding

and following it (G 1 and G 2) in different types of spermatogonia2).

The results are shown in Table 3. It will be seen that the average

generation time and G 1 are constant throughout all stages, while S

1.58
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TABLE 3

Average Spermatogonia
duration

(hr) A I AII A III A IV Int. B

Generation -- 28-30 26-28 30-31 26-28 29-30

time

S 7-7.5 7.5 8 13 12.5 14.5

G 2 14 14 11 8 6 4.5

G 1 -- 7.5 8 9.5 8.5 10.5

(Monesi).
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increases and G 2 decreases from the earliest to the latest. This sug-

gested to Monesi that DNA synthesis is the most sensitive period

and that differences in sensitivity between spermatogonial types

reflect differences in the length of this period. He has now tested this

hypothesis by irradiating mice in which spermatogonia in DNA

synthesis had been labelled with 3H thymidine. The animals were

killed at various periods up to 24 hours after irradiation, and their

testes were examined for degenerating spermatogonia. According

to the hypothesis, these should contain a higher proportion of label-

led than of unlabelled cells. The results, shown in Fig. 4, did not

fulfill this expectation. Among degenerating type A cells, unlabelled

cells were more frequent than labelled ones at all times, whereas

among degenerating intermediate and type B spermatogonia the

relative proportion of labelled and unlabelled cells was reversed

midway through the period of observation. Monesi believes that

these findings do not invalidate his hypothesis, if account is taken

of the stage at which damaged spermatogonia die. According to

Oakberg, 3) now confirmed by Monesi, type A spermatogonia die

at late interphase or early prophase, and for those labelled towards

the end of the S period death might not be observed in the cell

cycle following irradiation. Type B spermatogonia, on the other

hand, are shown to die during anaphase-telophase. Monesi con-

cludes that G 2 is relatively resistant in type B spermatogonia, and

may be so also in the other types. If this is true, differences in the

duration of G 2 may contribute to differences in sensitivity.

4. SENSITIVITY DURING THE MITOTIC CYCLE

Lastly, we come to the group of papers dealing with sensitivity

changes during the mitotic cycle. Here, labelling is the only reliable

method for non-synchronized cell populations. In two investiga-

tions, double labelling with 3H thymidine and 14C thymidine has

been used. When the second label is applied a short time after the

first, a proportion of cells will have passed from S into G 2 during

the interval; these will be labelled only with 3H. A corresponding

proportion will have entered S from G 1. These will be labelled only

with 14C. Where the double label cannot be distinguished from

14C, it still is possible to calculate the period of DNA synthesis

from the ratio of cells labelled with 3H alone to cells labelled with

14C alone or in conj unction with 3H (Fig. 5). By extending the interval
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between the two labels so as to allow some of the first labelled cells

to go through mitosis, rough estimates can be made of G 1, G 2 and

the total generation time. Wimber 1) has applied this technique to

cells in mouse gut and in Tradescantia root tips which had previ-

ously been exposed to chronic gamma irradiation. In both materials,

14 c 14C+3 H 3 H

G1 S G2

Fig. 5. Representation of the cell cycle with the principle of double labelling.

(Wimber.)

the duration of S was unaffected by radiation. Taken at their face

value, the data showed a prolongation of G 1 and G 2 in both

materials. According to the author, however, this describes the

true situation only for Tradescantia. For the mouse, he concludes

that G 2 is unaffected and G 1 slightly shortened. This conclusion is

based on a comparison of the data from double labelling with
labelled mitosis curves.

_ t i i i I ] I]1c i_,..._..

"',. _,,_.

_:.
\i

>

Z

o

g

-3

r i t i i r i i [ i

0 200 400 600 800 I00(

DOSE (Pad)

Fig. 6. Survival of HeLa cells after irradiation at different stages of the mitotic

cycle. (Terasima and Tolmach.)
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Dawson and Field e) have improved the double labelling tech-

nique by using two layers of autoradiographic stripping emulsion,
the first of which records predominantly the distribution of tritium

while the second layer is reached only by beta particles of higher
energy. The two layers are separated by celloidin, and the silver

grains in either or both may be dyed by a differential dye-coupling
procedure. Using either this technique or a single label, the authors
found that exposure of HeLa cells to 300 or 500 r increases the total

generation time without affecting the duration of DNA synthesis;
the main prolongation takes place in G 1.

Terasima and TolmachJ) used a synchronized population of HeLa

cells for studying radiosensitivity throughout the cell cycle. As their
paper will be reported in to-morrow's plenary session, I want to
show only two of their figures, which are relevant to our discussion.

Fig. 6 shows survival curves after irradiation in mitosis (0 hr),

early G 1 (6 hr), late G 1 or early S (14 hr) andG2 (18 hr). Itwill
be seen that at lower doses survival is highest in early G 1 and G 2,

lower in S, and lowest in mitosis. At higher doses, however, the
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(Terasima and Tolmach.)

slopes of the survival curves become similar to each other. Fig. 7
shows that division delay was minimal after irradiation in G 1 and

rose progressively to a maximum after irradiation in mitosis.

The last paper, by Dewey and Humphrey a) forms a link with

the genetical papers. Dewey and Humphrey measured not so much



164 CHARLOTTE AUERBACH

radiation damage as what they call repair of radiation damage,

namely the speed with which broken chromosome ends rejoin at diffe-

rent stages in the cell cycle. It should, however, be pointed out that

rejoining of broken chromosome ends leads to true repair only when
the old order is restored. Reunion to form new arrangements is a

special kind of damage and often lethal. The method used in this

work is familiar to geneticists. It is based on the fact that chromo-

some exchanges are formed from two independently produced

breaks, and that their frequency therefore increases as the square

of the dose. If a given dose of X rays is applied in two fractions, and

if the breaks produced by the first exposure are still open at the

time of the second, the square law remains valid exactly as if the

whole dose had been given in one exposure. If, however, the breaks

produced by the first exposure have rejoined before the second,

the overall frequency of exchanges will simply be the sum of the

exchanges after the two single treatments. Dewey and Humphrey

scored exchanges in Chinese hamster cells in which the synthetic

stage had been labelled with 3H thymidine. The time of fixation

was chosen in such a way that the unlabelled cells had been in

G 1 at the time of irradiation. The results are shown in Table 4.

TABLE 4

Exchange fi'equency (°/o) per cell

(Control frequency 0.04)

600 r 600 r 300 r
Cells 300 r

in 1.1' in 4.7' ÷ 300 r

labelled 0.29 1.03 1.04 1.07

unlabelled 0.29 1.03 0.58 0.56

Expected value for fractionated dose

without reunion 1.04

with reunion 0.54.

(Dewey and Humphrey.)

The interval between the two fractions of X rays varied from 10

min to 1 hr, but the result was the same for all intervals. The dif-

ference between cells treated in S and G 1 is striking and clear.

While in S all breaks had remained open for at least I hr, in G 1

all had rejoined within 10 min. Perhaps the most interesting result

from our present point of view is the effect of dose rate at the two
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stages. Exchange frequency in S followed the square law independ-

ently of whether the dose was given in 1.1 min or 4.7 min. In G 1,

breaks rejoined so fast that lowering the dose rate to one quarter

resulted in a very material reduction of exchange frequency.
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Mandl (Dept. of Anatomy, Univ. Birmingham, Great Britain) asked

Metalli a) for further details of the chromosomal configuration in

Artemia oocytes and the relationship of the condensed phases to

"prophase". Metalli explained that, following diakinesis, the chro-

mosomes became very diffuse during the most sensitive stage

(which has been described as "early prophase"). Later, they con-

dense again into very small dense metaphase chromosomes.

La Chance (Dept. Agric., Kerrville, Texas, USA) commented on the

suggestion of Whiting k) that the large difference in radiosensitivity

between metaphase I and prophase I could to some extent be

accounted for by the formation of bridges at anaphase I. This would

explain the effects observed with dominant lethals, but not those

with recessive lethals and visibles. In reply, Whiting stated that

she had no theory which would explain the different response of

prophase I and metaphase I to X rays as measured by recessive

lethals and visible mutations. There was, however, an indication

that permanent bridges, which withheld incomplete chromatin from

the egg pronucleus, might account for the reduced ratio of dominant

lethals to visibles when prophase I stages are irradiated, compared

with metaphase I. Whiting further suggested that a possible factor

which would interfere with restitution and perhaps increase radiosen-

sitivity at metaphase is the "stretched" condition of the chromosomes

when viewed at metaphase. The region between the centromere and

the single chiasma at each end appears to be under tension.
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Hannah-Alava e) was asked by Sobels (Dept. of Rad. Genetics,

Univ. Leiden, The Netherlands) whether in her experiments the mutation

frequencies for visibles were higher in spermatids or spermatocytes
than in mature sperm. An increase in radiosensitivity from mature

sperm to spermatids should give an increase in point mutations.
Hannah-Alava explained that her statistical analyses did not show

conclusively a significant difference between broods one and two.
Her view was that the data showed an increase in recessive muta-

tions in brood two (spermatids) over brood one (mature sperm),

which was probably also true for dominants and Minutes. There
was currently no evidence that the increase in recessives was due to

point mutations, since in each brood the number of homozygous
viable mutants was about the same. In answer to Auerbach's com-

ments on the small sample size for brood three, Hannah-Alava

explained that the same males which produced 21 000 offspring in
brood one yielded 256 flies with six mutations in brood three. She

thought that it would be a long-term project to obtain reliable
statistics for this brood. In answer to a question from Mossige,

(Norsk-Hydro Inst., Oslo, Norway), Hannah-Alava said that the dose
used was 3 000 rad hard X rays and agreed that, with lower doses,

maximum sensitivity might be earlier than maximum sterility.

Bateman b) welcomed the hypothesis of Cattanach (Mutagenesis
Res. Unit, Inst. Animal Genetics, Edinburgh, Great Britian) to explain
the sex difference in incidence of translocations induced in the male.

He quoted some data from his own paper which showed that semi-

sterile females give two peaks for the proportion of lethal embryos,

and favoured the interpretation that the high peak corresponds
to those translocations which produce complete sterility in males.

The group of semisterile males with a low lethal incidence would

be due to translocations which would go undetected in females.

Savage (MRC, Harwell, Berks., Great Britain) asked Dewey a) what cri-

terion of damage was used in assessing the interaction between breaks.

Two types of aberrations will be involved, and with a given dose
the yield of chromosome-type (in G 1) will be much less than the

yield of chromatid-type (in S). Dewey replied that the criterion of

damage was the total number of changes per cell. For G 1 cells,
80% were chromosome-type, and for S cells about 95% were chro-

matid-type.

Evans (MRC, Harwell, Berks., Great Britain) raised a query concerning
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the danger of radiation damage arising from the use of 3H-thym-
idine affecting results of radiation studies. In particular he asked

whether the relatively greater duration of S in the more radio-

sensitive type B spermatogonia discussed in Monesi's*) paper might

be partly explained by this effect, which might also affect Wim-

ber's 1) results. Both of these authors were of the opinion that these
effects, if they existed, were insignificant. Monesi said that with

a dose of 30 #C per mouse, he had not detected any mitotic delay
or cell death.

In a discussion of various aspects of the paper by Terasima and

TolmachJ), Pelc (King's College, London, Great Britain) enquired if

there was any evidence that the S period in the synchronized popu-
lation of HeLa cells was, in fact, synchronous. He had found that

it was not. Tolmach showed a graph of his results demonstrating a

high degree of synchrony in the S period commencing 7 to 8 hr

after mitosis. Evans made a comment referring to the observed
high radiosensitivity of the mitotic period. He referred to evidence

indicating that when a cell enters mitosis, oxidative metabolism is

reduced and there may therefore be an increased intracellular oxy-

gen tension which would raise the radiosensitivity above that of

interphase cells in which active respiration occurs. Tolmach thought
that this was an interesting possibility but he had no data on oxygen

effect. Neary (MRC, Harwell, Berks., Great Britain) stated that the ob-

servations of Terasima and Tolmach on sensitivity to mitotic delay in

HeLa ceils are opposite to his own in the bean root meristem. In
HeLa cells, delay was greater the later the cell was in interphase

when irradiated: in the bean root, delay was greater the earlier the

cell was in interphase.

In further discussion of the effects of radiation on delay of these
various phases, Painter (NASA, California, USA) said that he and

his collaborators had found a dose-dependent delay in S, but no

effect on G 1. Dawson and Field c) find a delay in G 1 but none in

S. Field pointed out that their findings related, not to the immediate

post-irradiation period, but to cell kinetics during succeeding cycles

when the growth rate is retarded. This reduction in growth rate

was due to prolongation mainly of G 1 and to a small extent of G 2.
Tolmach added that according to their results the duration of

G 1 and S was not significantly increased in the second generation

following irradiation of the cells with 300 rad, though they had
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not followed the cells through as many generations as Dawson and

Field. Till (Ontario Cancer Inst., Toronto, Canada) pointed out that,

in general, G 1 is lengthened in mammalian cell cultures if the

generation time increases.
The session was concluded with a short discussion following a

comment by the chairman that although in much of this work it

was evident that radiation produced a delay in mitosis, there ap-

peared to be no evidence for this in spermatogenesis in Drosophila.

Auerbach agreed, and thought that 3H-thymidine labelling might
reveal such an effect. Bateman said that the time scale was different

and that only a few hours delay was involved which could be

overlooked when assessing broods. Monesi said that he had obser-

ved delay in mouse spermatogonia to the extent of 3 to 4 hr after

100 r, and 6 hr after 300 r.

Sparrow (Brookhaven Nat. Lab., USA) reported that in Trillium

the time required for microsporocytes to pass through meiosis is

related to the dose and to the relative radiosensitivity of meiotic

prophase stages.
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1. INTRODUCTION

Metabolic conditions after irradiation act on the chain of events

leading from the initial radiation damage to its eventual expression ,
........... 1. ...... 1"^-- -_ .... 1 ..... 1.. .... 1 . _1, ",1 •

a p_u_c_ vv_,u_t, ious
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sessions; here we are concerned with the later phases and means

by which they can be modified. This subject of research has been

popular in recent years, and from a large and confusing mass of

results, one trend is apparent. This is an increasing emphasis on

the importance of metabolic processes, both for the expression of

the initial radiation damage, and for the contrary process of repair.

The collection of papers in this session illustrates both the magni-

tude of possible modifications, and the variety of agents which can

produce them. The subjects are so diverse that I shall deal very

briefly with individual papers in turn, beginning with chromosome

effects and going on to inactivation work, and then will attempt to

summarize factors common to a number of the papers.

2. EFFECTS ON CHROMOSOMES

Beatty and Beatty's a) work concerns effects on Tradescantia anthers,

the aberrations studied being of the ring and dicentric types.

Table 1 shows a small selection of their results. An oxygen effect

TABLE 1

Aberration yields in Tradescantia anthers with 400 r of X radiation

Outer area Inner area Total

No. of Average No. of Average No. of Average

cells interchanges cells interchanges cells interchanges

Helium 300 0.28 -4-0.03 149 0.26 4- 0.04 499 0.27 4- 0.03
100% oxygen 329 0.96 4- 0.05 190 0.86 ± 0.07 519 0.92 4- 0.04
5% 02 in He 280 0.74 4- 0.05 179 0.44 -4- 0.05 459 0.61 4- 0.04

50/o O2 in He, ]
Post-treatment _ 377 0.64 4- 0.04 230 0.66 4- 0.05 607 0.65 4- 0.03
with CO (15 min)J

(Beatty and Beatty)

of the usual type was found by comparing irradiation in pure helium

and pure oxygen, but when 5% oxygen was present in the gas

mixture, many more aberrations per cell took place in the outer region

• 179
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of the anther than in the inner region. This aberration gradient was

present, though less marked, with 20% oxygen. Results of this type

could be explained on the basis of an oxygen gradient, caused by

metabolic consumption of oxygen within the tissue while the supply

was limited by diffusion from the outside; but these authors' results

with carbon monoxide do not seem to fit this interpretation. With

carbon monoxide post-treatment for 15 min, the gradient of damage

was completely abolished. It therefore seems most unlikely that the

gradient was caused by differential damage, since it is hard to see

how differences might be evened out by a post-treatment, and the

authors explain it on the basis of a recovery process, which for

some reason was more effective in the inner region of the anther.

They suppose the recovery to be inhibited by CO, which prevents

the supply of energy from respiration.

Sobels h) paper concerns experiments with Drosophila males,

which carried a ring-shaped X-chromosome, and this ensured that

the effects observed were confined to lethals originating as point

mutations and possibly small deletions. The aim was to study

effects of various modifying agents, and as an example of his results,

z
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Fig. 1. Effect of pre-treatment with chloramphenicol (0.04 mg/ml, 2 injections
separated by 1.5 hr) on the radiation-induced mutation frequencies in successive
stages of spermatogenesis (a-f) in Drosophila. [ •-- •: 1200 r; o--- o:
chloramphlenicol + 1200 r. The numbers of tested gametes are shown at the
bottom. Chloramphenicol causes an increase (p <0.01) in mutation frequency

in stages a-b, and a decrease (p = 0.001) in stages c-d. (Sobels.)
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Fig. 1 shows the results of pretreatment with chloramphenicol. The

proportion of lethals was highest in the progeny from gametes

which, at the time of irradiation, were in the most sensitive stages,

probably spermatids and late spermatocytes. Chlora mpbenico! treat-

ment decreased the proportion of mutants in these stages while a

small but significant increase was found in mutants in the mature

sperm. A very similar picture to this was obtained with ribonuclease

pretreatment.

Canavanine sulphate was tried because it is an arginine analogue

and arginine is presumably incorporated in the protein in the later

stages of maturation of sperm. It gave an increase of mutants in

the sensitive stages, in contrast to the effect of chloramphenicol.

The effects of post-treatment with chloramphenicol were rather

variable, both increase and decrease in mutation frequency being

observed at the spermatid stage in different experiments. Sobels

explains these results in terms of a repair system involving two pro-

cesses, as suggested by Kimball1). One process is the loss of pre-

mutational damage, while the second is the process terminating

the first, possibly the first cell division. The differing results obtained

with chloramphenicol post-treatment might be explained if it af-

fected both processes, since an altered balance could result in either

an increase or decrease in eventual damage.

As for the pretreatments described, the author thinks they may

change sensitivity by acting on the composition of proteins during

the transition from spermatids to mature sperm, or possibly they

may be acting on subsequent repair processes.

Fritz-Niggli b) studied genetic changes in the fission-yeast Schizo-

saccharomyces pombe. The material studied consisted of adenine-

requiring mutants, originally induced by UV, X rays and nitrite. She

examined the effect of X rays on reversions in these mutants, and

found that the number was about the same for the three different

types. Other factors, however, influenced the result, notably the

age of the culture at the time of irradiation (Fig. 2). Twelve and

20 hr cultures containing actively dividing cells gave 2 to 3 times

the number of mutants that were induced in 28 hr cultures, con-

sisting of resting cells, and this difference was observed with all

three types of mutant. Fritz-Niggli attributes this effect to the dif-

ference between chromosomes in mitosis and in resting stages, wheth-

er in oxygen content, water content, or inherent susceptibility,
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but this explanation is difficult to reconcile with her results on

starvation of cells in physiological saline for a two hour period

before, during and after irradiation. This was said to inhibit mitotic

activity, but not to alter the mutation rate. It would be interesting
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Fig. 2. Numbers of reversions induced in the X ray mutant M2 of Schizosacchar-

omyces pombe. • : 20 hr cells (dividing). O : 28 hr cells (not dividing). The numbers

of reversions which occurred are indicated above the points on the curves.

(Fritz-Niggli.)

to know, also, whether the variation in mutability she observed was

correlated with variation in inactivation, since this has been shown

by Stapleton with E. coli to be at a maximum at the late logarithmic

phase2).

The effect of metabolic inhibitors present before and during

irradiation on reversion in this yeast was surprisingly small. Neither

dinitrophenol nor chloramphenicol made any difference to muta-

bility, and with chloramphenicol applied after irradiation, a change

was observed only with the nitrite mutant, where the rate was

reduced to 68% of the control value.

3. EFFECTS ON SURVIVAL

Mammalian Cells

Myerst) describes a post-treatment effect on a really large scale

with rat thymocytes, in which survival after irradiation was measured

by the number of cells not stainable by erythrosin B. Post-

|o~
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irradiation incubation temperature altered the 50o/o lethal dose by

a factor of 600 (see Table 2). With post-irradiation incubation

TART,_.

Effects of incubation temperature and various additives on
% survival (by a staining method) of X irradiated thymocytes

% survival after

Incubation at 25° for 19 hr

Normal medium
Dose Normal

+0.01M
(r) medium* nicotinamide

20000 78 99
40000 39 87

100000 2 71
200000 0 59

Incubation at 37°for 19 hr

Normal Low pH : Excess
medium* calcium

Dose
pH 7.4 pH 6.1 pH 7.4

(r) 1.2 mM 1.2 mM 11.2 mM

CaCI2 CaC12 CaCI2

70 20-34 84 71
140 12-22 71 60
280 0-10 60 54
560 0-6 55 50

1000 0-5 50 46
2000 0-2 43 40

* A modified Krebs-Ringer's solution containing 5.5 mM glucose. (Myers.)

at 37 ° for 19 hr the cells were extremely sensitive, only 50 r being

required to kill 50%, while with 25 ° incubation approximately
30000 r was required. It was clear from his results that death occur-

red by two quite different processes at the two temperatures, since

cells incubated at 25 ° could be protected by nicotinamide at 0.01 M,

although it made little difference to cells at 37 ° , whereas cells at

37 ° could be protected by alteration ofpH from 7.4 to 6.1 or addi-
tion of an excess of calcium to the medium.
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In an attempt to find the mechanism for this differential effect

of temperature, various inhibitors were studied. Dinitrophenol gave

a similar differential effect with temperature, and it was suggested

that leakage of ATP from the cells caused this. However, the quanti-

tative aspects of ATP loss were very different for irradiation and

dinitrophenol, and further evidence would be needed to establish

similarity of the two processes. Loss of nucleotides from irradiated
cells at 37 ° had also been studied, and was mentioned as a possible

contributory cause of death at this temperature.

Petrovic, Miletic and Brdarg) experimented with L strain mouse

fibroblasts, which after irradiation were plated and incubated to

form colonies. The object was to show the effect on survival of

sub-cellular fractions of the L strain cells, used as additives after

irradiation. Homogenates were made and separated as far as pos-

sible into the different fractions, and portions of these were added

to each plate containing L strain cells after irradiation. The results

(Table 3) were not very clear-cut, since they varied from one ex-

TABLE 3

Effects of isologous subcellular fractions on the irradiated L-cells

Number of colonies after 500 r X rays*

Treated Treated Treated Treated Growth

Experimental Non- with with mito- with with medium+

number treated nuclei chondria micro- super- sucrose

somes natant

32/I 100 304 141 125 125 67
34/I 100 164 136 136 127 100
35/I 100 -- 160 150 90 90
38/I 100 166 141 133 150 56
39/I 100 109 85 118 54 83
40/I 100 95 93 88 56 53
42/I 100 105 67 74 -- --
42/I 100 100 85 55 -- --
1/II 100 141 131 93 86 32

* The numbers of colonies are relative. The numbers of colonies in irradiated

and treated samples are corrected to 100 colonies in irradiated nontreated sam-

ples. (Petrovi_, Miletifi and Brdar.)

periment to the other, and the enhancing effect on survival was not

always present, differences probably being due to the long and
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complicated preparation involved. Where the numbers were increas-

ed, the largest effect was found with the nuclear fractions and

the next largest with the mitochondria; and these also caused mark-

ed increases in colony size. The entire homogenates also gave

increased colony counts. The incomplete separation of the fractions

made it difficult to say which component was causing the effect

observed, but subsequent experiments where isologous DNA gave

an increased number of survivors made it seem likely that this factor

was responsible.
Yeasts

Meissel and his collaborators e) have produced a most comprehen-

sive paper, dealing with the process of reactivation in Saccharomy-

ces vini and otheryeasts, a process originally studied by Korogodin3).
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Fig. 3. Post-irradiation reactiva-

tion in Saccharomyces vini de-

pending on the type ofprecultiva-

tion (aerobic or anaerobic). Irra-

diation dose 100 Kr. (Meissel,

Remezova, Galzova, Medvedeva,

Pomoshchnikova, Sokurova, Sel-

iverastova, Poglasova and No-

vichkova.)

25
23°/o

206o1_...._. _" +B6

20 ,," o.6\o_'_°°
.f \_-f

d 15 /
w #

u i
a !

1¢" # ad_ctt_on 97Oio

_> # _ DE 8°/_-...,_""_- e

u • O/o .,."8°!- . _ e

5t i / ._" _ _'_

0 [1.2%
1 2 3 DAYS

INCUBATION TIME (WATER)

Fig. 4. Effect of short-term treat-

ment with pyridoxine on the post-

irradiation reactivation of B6-

exhausted yeast cells (Sacchar-

omyces carlsbergensis 4228). Ir-

radiation dose 100 Kr. (Meissel

et al.)

The procedure consists of a post-irradiation incubation in tap-

water at 28 ° to 30 ° for several days, during which time no budding

takes place. The number of cells able to form colonies when trans-

ferred to wort agar substantially increases (Fig. 3). Cytological
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studiesshowedabnormalitiesdevelopingwith immediateincuba-
tiononwortagarwhichwerelargelyavoidedbythepreliminarytap
waterincubation.

Physiologicalwork indicatedtheaerobicnatureof thereactiva-
tion,whichfailedto takeplaceunderanaerobicconditions.Endo-
genousrespirationwasnecessary,andwas50%higherin irradiated
cells.First carbohydratereservesand then lipids wererespired,
whiletheATPcontentremainedconstantin irradiatedcells,though
increasingslightlyin controls.

Thefreeaminoacidpoolincreased,in bothcontrolandirradiated
cells,thoughlessin the irradiated.A pyridoxinedeficientstrain
of Saccharomyces carlsbergensis, cultivated without pyridoxine, was
more sensitive to radiation and showed less reactivation than

when supplied with this vitamin (Fig. 4), and its amino acid pool

was almost twice as large, presumably indicating decreased in-

corporation of these compounds into protein. A supply of pyri-

doxine for one hour after irradiation followed by washing gave

increased reactivation, although the same treatment before irra-
diation had no effect.

The reactivation was greater in cells previously grown in aerobic

conditions than anaerobically (Fig. 3). It was also greater in cells

with a full supply of nutrients than in starved cells, and in

cells with a high lipid content than in those with reduced lipid.

When the results were compared for different species of yeast,

it was found that no reactivation took place in haploid yeasts.

Yeasts showing this phenomenon were found to have both respira-

tory activity, that is, a full cytochrome system, and the capacity for

aerobic glycolysis.

Meissel concludes that the development of the initial radiation

damage into cell injury is due to an imbalance of metabolism, and

that a decreased level of metabolism favours repair processes. These

are themselves metabolic, requiring an energy supply and involving
amino acid metabolism.

Bacteria

The next two papers, by Stapleton et al., and Hodgkins and Alper,

are developments from the results of Hollaender, Stapleton and

Martin4).

Stapleton, Engel and Orce t) showed the effects of growth condi-

tions before irradiation on subsequent survival. Cells of E. coli B/r
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CSH produced alkaline conditions in a peptone medium, while a

peptone-glucose medium containing no buffer became acid to-

wards the end of the logarithmic period (Fig. 5), and at about this
time the cell size and DNA content increased. The radiation resist-

ance gradually developed from a minimum after 4 hr to a maximum

_o9 1

>

o t0 7

to6 I I
0 2 4

I I I I

_._

k'--'t '
Increase in Increase it1

cell size and

DNA/cell radioresistance

I I I
6 8 to t2

INCUBATION TIME (hr)

Fig. 5. Time scale for growth, change in pH, cell size, DNA content/cell and

change in radioresistance. The curve shows the rate of growth in 1% peptone

÷ 0.4% glucose + 0.0066 M phosphate buffer. The numbers in boxes along

growth curve are the measured pH of the culture at the various times. The times

for increase in cell size and DNA content and increase in radioresistance are

indicated along the time axis. (Stapleton, Engel and Orce.)

after 18 hr incubation. The authors tend to correlate the increased

resistance with the higher DNA content, but they realize that the

difference in time scale is a serious drawback to this theory.

The expression of the higher resistance depends on the plating

medium (Fig. 6). The addition of 1% peptone to the minimal

medium has only a small effect on the peptone-grown cells, while

it gives a large increase in survival of 18 hr glucose-grown cells,

mainly shown by an increased extrapolation number. The fact that

this only appears with appropriate post-irradiation conditions im-
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plies that it is not due to multiple targets, as was also indicated by

the work of ShekhtmanS), who found a sigmoid curve even with

o_ rays in a very similar system.
Reversions induced by irradiation at three different loci were

(_)(Minimai)_\ _(Complete) _

t0 -5

0 tO 20 30 40 50 60 70

X-RAY DOSE (Kr)

Fig. 6. The effect of post-irradiation plating media on resistant (R) and sensitive (S)

populations of E. coli B/r CSH. The irradiated cells were plated immediately

on solid minimal (M-9) medium (Anderson) or M-9 + 1% peptone, and

incubated for 48 hr at 37 ° C. (Stapleton Engel and Orce.)

also studied, in cells grown by the two methods, and these varied
in the same manner as inactivation, with the more resistant cells

showing fewer mutations.
Hodgkins and Alper a) studied the effect of anaerobic compared

to aerobic growth of E. coli B and B/r both before and after irradia-

tion with UV, X rays, and 8 MeV electrons, and a selection of
their results is shown in Fig. 7. Anaerobic growth before irradiation

always gave a higher survival than aerobic growth, and in general

the curves became more sigmoid. In strain B/r the extrapolation
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number showed an increase up to eight. The anaerobic growth of
cells after irradiation gave no difference at all in survival of B/r,
which was shown to have the same growth rate in aerobic and

anaerobic conditions. E. coli B had a longer lag and a slower growth

i
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Fig. 7. Effects of anaerobic compared with aerobic incubation before and after

irradiation in air on survival of E. coli B and B/r. (Hodgkins and Alper.)

rate in anaerobic conditions, and also gave higher survival. These
differences occurred after both UV and X rays, and the UV curves

also showed changes in shape from concave to sigmoid. With X
rays, bigger differences were found after anoxic rather than aerobic

irradiation. As shown by the UV curves, under favourable condi-

tions for survival of strain B, similar inactivation of both B and B/r

took place, thus confirming earlier results6).

The combination of chloramphenicol treatment with either aero-
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bic or anaerobicincubationgavelowersurvivalthan anaerobic
conditionsalone.

The time scaleof the recoveryprocesswasstudiedby trans-
ferring from aerobicto anaerobicconditionsand vice versaat
different timesduring incubation.The resultsindicatedthat the
recoveryprocesswascompletebeforethe first cell divisiontook
place(Fig.8).

102

8
u

2

b_
o

w
J
0_

5
D

1 2 3 4 5

TiME OF INCUBATION (hr')

Fig. 8. Survival and growth of E. coli B (log plase cells grown on Oxoid broth)

after exposure to 31.5 Krad X rays in anoxic buffer. (Hodgkins and Alper.)

O Transferred from aerobic to anaerobic conditions at time shown on abscissa.

• Transferred from anaerobic to aerobic conditions at time shown on abscissa.

x Viable counts on irradiated cells growing aerobically.

Gillies c) followed up his earlier work on amino acid deficient

mutants 7) by studying a proline deficient mutant of E. coli B.
After X irradiation under anoxic conditions, survival curves on dif-

ferent media were obtained (Fig. 9). As in previous workS), initial

chloramphenicol treatment gave a much higher count than plating
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on a complete nutrient medium. Omission of proline for an initial

period from the complete medium also gave a higher count, but

not as high as that with chloramphenicol. A simple medium con-

taining mineral salts, glucose and proline also gave higher cn,mt_

N.. I I l

I i i j"

10 2o 30
X RAY DOSE(KrQd)

Fig. 9. Effect of plating medium on survival of proline-deficient E. coli B33

(stationary-phase cells) after exposure to X rays under anoxia. 2 media used:

Simple, containing inorganic salts, glucose and proline; and N, containing in

addition other amino acids, purines, and pyrimidines. (Gillies.)

Incubation on: [] Chloramphenicol 5/tg/ml in N initially; later N. A Simple

medium throughout. O N lacking proline initially: later N. • N throughout.

than the complete medium, and was in fact indistinguishable from

the complete medium without proline initially. The increase in

count obtained by preliminary incubation without proline was
followed over the first few hours, and the maximum increase was

found to take place within about 5 hr after irradiation.
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4. DISCUSSION AND CONCLUSIONS

Table 4 shows the conditions used by the various authors, and the

arrows indicate the effect each condition had on the eventual ex-

pression of the radiation effect, as compared with the converse

treatment. Where two conditions are shown, an arrow pointing

upwards indicates that the upper condition enhances radiation dam-

age as compared with the lower one.
Pre-irradiation treatments

Pre-irradiation treatments can sometimes be separated into ef-

fects taking place during and after irradiation, as with some of

Meissel's treatments, but in general it is very difficult to sort out

the two processes. Further complications are introduced by varying

growth conditions, since these may result in different cell size, DNA

content, reserve food materials and enzymic composition, to men-

tion a few possibilities, and a great deal of information is needed to

trace such effects to their cause. Interesting comparisons can be

made between pretreatments shown in Table 4, but I have not

time to elaborate this point.
Post-irradiation treatments

Post-irradiation treatments used here can be regarded in three

main groups: first of all, those concerned with energy supply.

The need for energy in repair processes has been well established

in genetic work, particularly that concerning chromosome breaks.

Beatty and Beatty included some information on this in their abstract,

not dealt with in their paper, and Sobelsg), in previous work, has

shown that respiratory inhibitors interfere with repair in Drosophila.

Fritz-Niggli found a lack of effect with dinitrophenol, but she

states that this does not inhibit the formation of energy rich phos-

phate in yeast, so this observation is not contradictory.

In the inactivation field, Meissel's work has stressed the impor-

tance of energy supply from metabolism, and in this case only an

aerobic system would function. This was in contrast with Alper's
observation of a decrease of radiation effects with anaerobiosis, but

besides the different organisms used, the experiments differed in

the supply of external nutrients by Hodgkins and Alper.
The second set of observations deals with metabolic inhibitors

(other than respiratory ones) and with inhibitory conditions in

general.
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Of the inhibitors, we are mainly concerned here with chloram-

phenicol, known from work on bacteria to inhibit protein synthesis,

while allowing nucleic acids, mainly RNA, to accumulate. Its effects

after irradiation are usually attributed to the protein effect but some-
times to increased nucleic acid.

The work on mutations stems from that on bacteria and proto-

zoa, which have been very thoroughly studied, and here chloram-

phenicol decreased the mutations observed. Interpretations differ,

since Witkinl0), and Doudney and Haas11), think that chloramphe-

nicol interrupts the chain of metabolic events leading from pre-

mutational damage to irreversible fixation of mutations, whereas

Kimball 1) thinks that it acts on his dual system, consisting of the

repair process, and the time limiting process for repair. Whatever

the interpretation, chloramphenicol certainly seems to have some

effect in Drosophila, probably depressing mutation in the sensitive

stages of sperm formation. In yeast, it had surprisingly little effect,

acting on only one out of the three mutants studied, and then only

to a relatively small extent.

It is particularly interesting to see similar effects in inactivation

studies. With E. coli B, inactivation is also depressed by chloramphe-

nicol and by other agents which slow down growth or protein

synthesis, as shown in the last two papers. Alper and Gillies tend

to use Barner and Cohen's experiments on death due to unbalanced

growth 12) as an explanation for these observations.

Meissel's work is another example in which conditions unfavour-

able to growth led to an increase in eventual survival, given the

right properties in the cells before irradiation. He too considers

unbalanced growth responsible for damage, but stresses the impor-

tance of metabolic repair processes for reactivation. His reactivation

system did not decrease the number of mutations expressed.

Having just mentioned Kimball's theory, concerning the time

limitations for repair processes, it is worth pointing out that the

time scale for the increase in counts observed in the last two papers

was quite short, and corresponded to the lag phase in Alper's

experiments. It seems that an intensive study of this period, like

that made in some mutation experiments, might be useful also in
inactivation work.

The third type of result is that in which complex media after

irradiation decrease the damage. This does not apply to any muta-
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tion studies, but is seen in the inactivation work of Petrovi_ et al.

and Stapleton et al. Stapleton's earlier work with E. coli B/r 13) is

the best known example of this type of result, which is thought

possibly due to the necessity for adaptive enzyme synthesis to repair

radiation damage.

These are the three main classes of post-irradiation effect studied.

Results for mutation work seem to be in general agreement, al-

though only an oversimplified outline has been possible here.

The picture is more confused in inactivation work, and further

studies of both mutation and inactivation in the same system might

be useful for clarifying it. The second type of effect has been shown

to occur in a wide range of yeasts and E. coli B, while the third type

takes place in E. coli B/r and some other vegetative bacteria. There

is a tendency to generalize about bacteria from the E. coli results,

but information on other genera is very scanty, and when obtained14),

often shows no post-irradiation medium effects. It would there-

fore be extremely useful to know whether the various E. coli effects

are, in fact, exceptional, or of widespread occurrence.
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DISCUSSION

R. J. MUNSON

Radiobiological Research Unit, Harwell, Didcot_ Berkx__ Great Britain

Sobels h) said that the findings of Hodgkins and Alpera) and the

earlier work of Gillies and Alper 1) show that E. coli B responds in

greater measure to variations of culture conditions after radiation

exposure under anoxic conditions than after irradiation in 02.

Alper, in her rapporteur's report (page 114) had likewise suggested

that after radiation exposure in 02 not only the chromosomal DNA

but other cellular systems may be deranged.

Recent findings observed in cooperation with Barry Leigh in

Sobels's department suggest a similar situation in Drosophila sper-

matids. The data show that, if a dose of 3000 r is given under
strictly anoxic conditions, post-treatment with 02 results in a con-

siderable repair of the premutational damage in spermatids, as com-

pared to that in flies which were post-treated in N2. After exposure

to 1000 r in 02, on the other hand, the effect of post-treatment

with 02 exactly equalizes that of post-treatment with N2. The same

mutation frequency is then observed as after exposure to 3000 r

in N2 followed by post-treatment in N2. Thus depending on the

gaseous atmosphere during post-treatment, the Oz/N2 enhancement

ratio in Drosophila spermatids is profoundly changed. The results

are interpreted to mean that the biochemical system responsible

for repair of premutational damage has been damaged to a greater
extent by exposure to irradiation in 02 than in N2.

Fritz-Nigglib) said that she would first like to ask Sobels whether

the different reactions after post-treatment with chloramphenicol

which he had found might not be due to the fact that his material

is a mixture of point mutations and small deletions. In her work on

pure (as she hoped) point mutations she had always found that

post-treatment with chloramphenicol reduced them, both in the

very active phase and in resting cells.

Turning to the problems of the different sensitivity of cells in

mitosis and the resting stage and the effect of post-treatment with

chloramphenicol, Fritz-Niggli said that metabolic conditions,

ATP content and perhaps oxygen content are important factors

in differential sensitivity, but DNA synthesis is less important. The
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action of chloramphenicol after irradiation could be due to depres-

sion of DNA synthesis, thereby affecting mutation fixation, interac-

tions of long lived free radicals, selection of mutationally deranged

cells or (and this was her opinion) a depression of some metabolic

product important for mutation fixation.
Sobels' reply to Fritz-Niggli was that it is impossible to distin-

guish which portion of the lethals induced in a ring X-chromosome

might possibly be due to small deletions. On the basis of other
evidence obtained in the same experiments on the frequency of

loss of the ring X-chromosome, it is however interesting that recov-

ery due to post-treatment with 02, after irradiation in N2, only

happens with small deletions.

Meissel e) said that he would like to make a few comments on

the excellent Rapporteur's report. As already noted (and pointed

out by Thornley as well) reactivation of yeast cells requires a normal

cytochrome system along with the capacity of aerobic glycolysis.
It is a well known fact that yeasts cultivated under fermentation

conditions differ from aerobic ones in some respects, the cytochrome

system included. It seemed worthwhile, therefore, to test the reac-

tivation-capacity of a great number of yeast species differing in the

prevalence of one or another type of energy metabolism, viz. res-

piration and fermentation. Concurrently, cytochrome spectra of

these yeast species were taken. The following were the results ob-

tained. All well-reactivated species exhibited distinct respiration

and fermentation. Yeasts with a reduced respiratory activity were

not reactivated. Nor was reactivation possible in yeast varieties

with a deficient cytochrome system, whether they were naturally

occurring (strains belonging to the Saccharomyces carlsbergensis

group) or artificially produced mutants deprived of cytochrome
oxidase.

Meissel had followed up in more detail, by means of a differential

spectrophotometer, the rate of reduction of the oxidized cytochro-

mes in 11 different cultures of yeast both capable and incapable of

post-radiation reactivation. In all reactivated yeast the time of re-

duction of the cytochromes varies within the range of 3 to 7 min.

If this is less than 3 min or more than 7 min the yeasts are not

reactivated.

This investigation is now in progress. Much remains to be clari-

fied with regard to complex relationships between the state of the
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cytochrome system and post-radiation reactivation capacity.

Laser (Molteno Inst., Cambridge, Gr. Britain) asked Meissel whether

his cytochrome-deficient yeasts have an oxygen effect of irradia-

tion, but Meissel had no data on this point.

Alper a) noted with interest Sobels's report of a differential modi-

fication of mutational damage, by metabolic conditions, depending

on whether or not irradiation had been in the presence or absence

of oxygen. In her work she had not seen evidence of damage occur-

ring only in the presence of oxygen. The data suggest rather that

there are at least two sites of damage, one of which is much more

influenced by the presence of oxygen during irradiation than the

other. This is brought to light by differential modification, which

is not necessarily always greater after anoxic irradiations; for ex-

ample, the rescue ofE. coli B/r by subsequent incubation at 18° is

more efficient after irradiation in oxygen.

Rescue ofE. coli B by chloramphenicol treatment and by anaero-

bic growth are not only not additive; in fact they counteract each

other. Evidence from the kinetics of the rescuing process suggest

that quite different mechanisms are involved in rescue by chloramphe-

nicol and by other means, such as poor media or anaerobiosis. Exam-

ples of other microorganisms whose radiation response is affected by

metabolic conditions are Salmonella typhimurium which respond

in the same sense as E. coli B. Many strains orE. coli, like B/r, show

increased response to radiation if they are treated with chloramphe-

nicol. The relationship between E. coli K 12 X and K 12 S seems

rather like that between E. coli B and B/r.

Haynes (Committee on Biophysics, Univ. of Chicago, Ill., USA) said he

wished to enlarge briefly on the work of Meissel and his collabo-

rators. He had made studies of the same post-irradiation phenomenon

at Chicago in collaboration with Patrick and Uretz. These con-

firmed all Meissel's essential results for X rays using Saccharomyces

cerevisiae haploid through hexaploid strains.

They had also shown that

(i) cells exhibit a dose modifying factor in recovery and this

factor is the same for irradiations in the presence and absence of

oxygen i.e. about 2 in each case.

(ii) populations of diploid yeast which have recovered are more

sensitive to subsequent X ray inactivation than they were originally.

(iii) these populations will recover yet again.
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Recovery of UV irradiated cells by storage in distilled water has

been studied. In contrast with X rays, haploid yeasts recover from

UV inactivation as well as the higher ploidies. The storage recovery

from UV inactivation is independent of and additive to photo-

reactivation, e.g. inactivation with UV to 10 -5 or 10 -6 survival can

be reversed in two stages, first by photoreactivation to 10 -1 survival

and then by storage to give a final recovery of practically 100%

for UV doses of less than 4000 erg/mm 2. With higher doses a com-

bination ofphotoreactivation and storage does not give 100% recov-

ery. No evidence of a similar recovery following treatment with

acridine orange and visible light or with nitrogen mustard had been

found, although a long term recovery of E. coli B and B/r was

observed after nitrogen mustard treatment.

Haynes expressed surprise that Meissel had found reactivation

using tap water. Haynes had found no recovery unless double

distilled water or glass distilled water carefully freed from trace

metals was used. Hollaender had suggested that trace metals might

poison recovery enzymes.

Meissel, expressing his appreciation to Haynes for his question,

said that the water which he used in his experiments was sterile

tap water. This water could not have had any toxic effects and reac-

tivation of the yeast after radiation had always been obtained and
the results were excellent.

Meissel added that he could obtain reactivation with yeast in the

following way. After irradiation and after maintenance for 24 hr

under anaerobic conditions, if the yeast was transported then under

aerobic conditions, reactivation was found to be perfectly normal.

Lastly, reactivation of yeast by this method of allowing it to rest,

could be obtained also after exposure to chloramphenicol.
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I. INTRODUCTION

In the biologicalor chemical action of ionizing radiation,there is

in most instancesa step which involves the formation offreeradicals

and their subsequent reaction with one another and with the sur-

rounding molecules. It is,therefore,of great interestto discover

what radicalsare formed in differentsystems,how long they persist,

and how theirreactionscan be modified by changes in the physical

or chemical environment during or afterirradiation.

2. PRINCIPLES OF THE METHOD

Electron spin resonance (ESR) offersa remarkably directway of

studying thesequestions.Itdoes thisby exploitingthe characteristic

feature of any free radical- the unpaired valency electron.Such

an electron has both angular momentum and a magnetic moment,

and the latter is no longer masked, as it is in most complete mole-

cules, by the equal and opposite moment of a partner in the same

orbital. When a radical is placed in a constant magnetic field the
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unpaired electron behaves like a magnetic top, as demonstrated

in Fig. 1 and precesses with a frequency proportional to the field

strength H. If an oscillatory magnetic field acts at right angles to

the steady fields, its perturbing effect on the precessing electron will

average to zero, unless its frequency corresponds with that of the

precession, when resonance will occur, and some of the electrons

/"// CONSTANT FIELD

_ _ _ WAVEGUIDE

H.,__._l s in _t OSCILLATORY
FIELD

.,i1-.-.--

_/////////// ///II

ELECTRON SPIN _ESONANCE OCCURS IF _=to L = "//"/

Fig. 1. Electron spin resonance.

will have their spin direction "flipped over," accompanied by a

net absorption of energy from the oscillatory field.

A free electron should give a single sharp absorption line, as the

magnetic field strength causing precession is varied through the

resonance value (see Fig. 2). In radicals the unpaired electron will

not be entirely free:) ; it will be associated with one or more nuclei,

and the local magnetic field in which it moves will be modified by

contributions from the magnetic fields of these nuclei. If the electron

is bound, for instance, to a single proton which has a spin ½, the

proton magnetic moment will align itself in either of two ways --

along the applied field or opposed to it -- and about half the protons

in any sample will have the one orientation and half the other.

Thus about half the number of unpaired electrons will be in a

field which is slightly higher, and half in a field which is an equal



ELECTRON SPIN RESONANCE IN BIOLOGY 197

amount lower than the applied field. The observed effect is thus

a splitting of the single resonance line for a free electron into a dou-

blet centred about the original position. If the unpaired electron

is associated with two protons_ there are Fot!r possible combinations

of spin orientation, in two of which the proton magnetic fields cancel

out. The ESR spectrum of an electron coupled equally to two

Free electron ESR spectrum

H_

Electron coupled to ESR spectrum

a single proton

M_

PROTON MAGNETIC MOMENT _

Electron coupled equally ESR spectrum

to two protons

( ¢ .._J"

PROTON MAGNETIC MOMENTS _ _

WEIGHT I 2 1

Fig. 2. Electron spin resonance spectra.

protons is thus a triplet with the central peak at the free electron

position, and twice the height of the side peaks.

If the unpaired electron is associated with a nucleus of higher

spin than the proton, a more complex spectrum is obtained, and

the width and spacing of the peaks may be influenced by many

subsidiary factors. It is seldom possible to deduce the nature of a

radical from its ESR spectrum alone, but the latter can often pro-

vide strong clues to distinguish between different species which are

thought to be possible on other grounds.

I should like to show in Fig. 3 two ESR spectra of organic salts
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irradiated in the presenceof oxygen; potassium palmitate by

Revina and Bachi), and sodium succinate by Fr_inz and Randolph_).

The close similarity between these is obvious, and points to the

unpaired electron being associated with the similar end-groups.

In fact, the suggested radical end-group is as shown in Fig. 3.

A weak interaction of the electron with the two protons on the

FIRST DERIVATIVE OF ABSORPTION SPECTRUM

SODIUM SUCCI NATE

Fr_inz and Randolph

306
L----3

POTASS IUM PALMITATE

Revina and Bach

o_ _. .ON_ _ _. .-OK
...C-C-C-C H-C ......... C-C-C

Ha _ iit "_O H/ HI HI _O

i J i J

Radical end group Radical end group

TRUE ABSORPTION

SPECTRUM

(Integrol of either curve

on left)

Fig. 3. ESR spectra of sodium succinate (Fr/inz and Randolph) and of potassium

palmitate. (Revina and Bach.)

neighbouring carbon atom gives a narrow triplet splitting, and

a stronger interaction with the single proton on the same carbon

atom gives a wider doublet splitting, so the result is a double triplet

in which the two central peaks happen to coincide.

3. APPLICATION TO RADIATION STUDIES

In radiation chemistry and radiobiology the problems which have

been attacked by ESR methods fall principally into four groups:
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(i) identification of the nature of the radicals formed in simple
chemical systems

(ii) measurement of radical yields

(iii) kinetics of radical disappearance

(iv) correlation of radical spectra in irradiated materials with the

biological damage observed.

The effective use of a new technique of this kind demands a fresh

approach to the chemical and biological problems. New questions

can now be asked with some hope of an answer. One can irradiate

at low temperature when most of the radicals formed will be

"frozen-in", and then study their change in number and in nature

as the temperature is raised. One can have oxygen present during

irradiation or introduce it afterwards at low temperature, or still

later at room temperature, and so on. Several of the papers in this
session make use of such methods.

4. ORGANIC ACIDS AND RELATED SUBSTANCES

Revina and Bach selected a group of three related substances,

palmitic acid itself, one of its salts, potassium palmitate, and an

ester, tripalmitin. These substances have long chain molecules which

differ from one another only in the end-group. The different ESR

spectra obtained after irradiation in vacuo at -- 196 °C are shown in

1"1" TRIPALMITIN

I'.,_I00 Oe

rn POTASSIUM PALM ITATE

I PALMITIC ACID

Fig. 4. ESR spectra ofpalmitic acid (I) tripalmitin (II) and potassium palmitate

(III) after irradiation in vacuo at -- 196 °C. (Revina and Bach.)
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Fig. 4 and indicate that the radiation damage must occur preferen-

tially in or near the carboxylic group. The highest yield of radicals

occurs in the acid, in agreement with previously reported gas yields.

In this, as in most experiments involving radiation damage, one must

expect to find at least two types of radicals in the sample, and often

many more than two. It is never easy to separate a complex spectrum

into its components, but progressive changes in the form of the

spectrum may be taken to indicate a change from one type of

radical to another type. If a sample of tripalmitin irradiated at

--196 °C in vacuo is warmed to room temperature, irreversible

changes in the ESR spectrum occur as shown in Fig. 5, which point

..... CH_H-C. "0

O00e4

3 4

-,9_c -7o°c -2o_c 2s°c

Fig. 5. Changes in the ESR spectrum of tripalmitin irradiated at low temperature

on warming to room temperature. (Revina and Bach.)

to the transformation of those original radicals which do not dis-

appear by recombination into new ones. No changes are observed

up to about --70 °C, but they are becoming evident at --20 °C

and the new double triplet structure characteristic of the radical

shown in Fig. 5 is complete at -k 25 °C. The intermediate pattern

(3) at --20 °C can be fitted very closely by an appropriate admixture

of (1) and (4) ; the residual radicals amount to some 50% of the

number originally formed, and are stable in vacuo at room tempe-
rature for months.

All the foregoing results were obtained from samples irradiated

and kept in vacuo. If oxygen was present during irradiation at

207
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--196 °C, this hardly changed the yield or type of radicals formed

in palmitic acid, but considerably reduced the yields and changed

the type in the salt and in the ester (Table 2). No radicals of
characteristic peroxide type were found in any of the three com-

pounds at --196 °C.

When oxygen was admitted after irradiation at-196 °C, no

effect was observed on any of the three substances until the sample

was warmed. At --70 °C asymmetric spectra characteristic of per-

oxide radicals were obtained in the ester and especially in the
salt, but not in the acid (though this could be due to differences in

the diffusion of oxygen into the crystalline samples, rather than to

difference in reactivity). On further warming, the peroxide radicals
still exist at --20 °C, and indeed at 0 °C, but had all vanished at

+ 25 °C. They decayed much more rapidly than did the initial
radicals in vacuo. Even in the acid, where the original radicals did

not show a change to the peroxide type, their intensity diminished

much more rapidly at room temperature when oxygen was present

succ,N,c AC,O O_C_C_ --6 -- C"°H
Franz and Randolph HO I I "_O

H H

I_ I I . .OH
- C- C----C- C-

I i I I C_o
H H H H

[C ,5 Ha, COOH_

Fig. 6. Comparison of ESR spectra of irradiated succinic acid and palmitic acid.
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than in its absence. Some part of the quenching of radicals by 02

is reversible even at room temperature, and one must assume that
in this reaction the 02 retains its molecular structure since it can be

pumped off again. Irreversible reaction with 02 occurs if the sample
is warmed very slowly, or if it is irradiated to much higher dose
levels.

Friinz and Randolph report studies on succinic acid and a num-

ber of related substances. They irradiated the materials in air at

room temperature, and it is again interesting to see in Fig. 6 that

the spectrum they obtained for succinic acid is almost identical
with that which Revina and Bach obtained for palmitic acid irra-
diated in air and brought up to room temperature. I have already

referred earlier to the similarities in the spectra of the salts, and in
the acids also the radicals must be situated on the similar end-

groups. Fr/inz and Randolph found that the radical concentration

decayed to half its initial value in about three days, and was un-

affected by irradiation with UV. The form of the spectrum did
not change during decay: this agrees with the findings of Revina
and Bach that the oxidized form of the radical was stable.

The yield curve obtained by Fr/inz and Randolph at room tem-

perature for succinic acid was similar in form to that of Revina
and Bach for palmitic acid at low temperature as shown in Fig. 7.

o

x

i
-i

tr

Revina and Bach 7

Palmitic acid _

• Invacuo\ /_

/,u / Fr'anz and Randolph

Eini i7'0
I 2 3 4 s (M rod}

r-... J L ._

1 T r T_T t

I 2 3 4 5 6

Dose (M rod)

Fig. 7. Comparison of dose-effect curves of succinic acid and palmitic acid.
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However, their absolute yield was lower by a large factor, presum-

ably due to the rapid decay before measurement of a large propor-

tion of the radicals originally formed. Friinz and Randolph point

out that their findings lend weight to Lata0et's hypothesis 2) that

peroxides, such as disuccinoyl peroxide, may be formed in irra-

diated biological material in biologically significant amounts, even
at moderate doses.

Water
1

Henriksen

H20

77"K

j _oK

10°/o Aqueous
solution of GSH

SOLID /_ 77"1(

Freeze-dried
solid GSH

i
373"K

Fig. 8. ESR spectra of irradiated water and aqueous solutions of glutathion at

low temperatures and of freeze-drled solid glutathion. (Henriksen.)
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5. DIRECT AND INDIRECT ACTION

Henriksen b) reports a series of experiments designed to distinguish

between the direct and the indirect action of radiation on aqueous

solutions of sulphur-containing compounds such as glutathione,

penicillamine, and others. Recognising that the resonances observed

at room temperature are usually the result of secondary processes,

he irradiated frozen aqueous solutions of the substances in question

at 77 °K, and studied the changes in ESR spectra as a function of

time, when the sample was held at a fixed temperature, and also

as a function of annealing temperature when annealing was carried

out for a fixed time (3 min).

The radicals found in pure water (Fig. 8, top) are the least

stable, and as the temperature is increased they disappear, partly

by recombination with one another and partly by reaction with
the solute to form new solute radicals.

Henriksen irradiated and examined the spectra at 77 °K. At

this temperature the H-atoms are not immobilized, and so they had

already disappeared in reactions before the first observations were

made. The initial ESR spectrum of the solution exhibited a com-

posite pattern, due to the remaining water radicals, together with

those solute radicals formed by the direct action of radiation, and

any which had been formed by subsequent reactions between H-
atoms and solute molecules.

Dilution test

10 i I i I i I i I i

Annealing o 10 °/, GSH solution _" 00000000000_"

"F ................... 1
_8-

_120 "Q SHoSOLUTION En

ILl '\ -
8o \ _. o os.-soL,o _ _ o-

_6 \ "-. 1-7--. t

40. _ .o ' £uL_. _ _ 4

0L:80............_0 240"..........320 400 _21 ........................ -_
Temperature in °x

_ 0 I I I I I I I J I
0 10 20 30 40

Fig. 9. Changes in the number PSH in °/o

of radicals in a frozen aqueous

solution of reduced glutathion. Fig. 10. Dilution test at 77 °K for

(Henriksen.) penicillamine solutions (Henriksen).
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In the lower part of Fig. 8 the ESR spectra found in a frozen 10%

solution of glutathion (on the left) are compared with those found

in the freeze-dried solid material at the same temperatures (on the

right). The water radicals disappear rapidly between 100 °K nnd

130 °K. Above 140 °K the remaining resonances in the solution are

exactly similar to those in the solid. The changes in the number

of solute radicals in a frozen 10% solution of reduced glutathione

as the temperature is raised are shown graphically in Fig. 9. The

initial rise is presumed to be due to attack by water radicals, but no

explanation of the rise between 190 °K and 230 °K is offered.

Henriksen tested for the effect of the H-atoms on the yield

of solute radicals by a "dilution test" at 77 °K, (Fig. 10). The total

number of radicals of all types in a penicillamine (PSH) solu-

tion at 77 °K was found to vary linearly with the penicillamine

concentration up to high values of the concentration, and the

straight line extrapolated back exactly to the value for pure water.

In water the H-atoms disappear without trace, but if they had been

effective in producing solute radicals in the solution this should

have led to some curvature in the yield versus concentration, and

thus to an extrapolated value somewhat higher than that for pure

water.

6. INTERCOMPARISON OF STANDARD SAMPLES

For quantitative measurements an ESR spectrometer is calibrated

by introducing known quantities of some stable free radical such

as DPPH (diphenyl picryl hydrazyl), and the spin concentration

in the unknown sample is deduced by a double integration of the

derivative absorption curves of sample and standard. These pro-

cesses introduce numerous possibilities of error, and values of radical

yields reported in the literature from different laboratories have

varied by large factors. An attempt to standardise quantitative

measurements among a number of laboratories is, therefore, a step

to be welcomed, and this is the subject of a paper by ten authorsa).

As a result of a suggestion made some years ago by Zimmer, a

number of workers interested in ESR studies in radiobiology met

in Oslo two years ago with the support of the Norsk Hydro Institute

of Cancer Research, and drew up a standardization programme.

They chose as standard substance irradiated sucrose which Ehren-

berg and L6froth had found to be stable over long periods. Sam-
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TABLE 1

Centre Names

Standard

of

comparison

3x 10 -s

MnS in

ZnS

Sugar samples (spins/g)
Nominal values

2 X 10 is 10 is 0.5x 1018

Karlsruhe Mtiller DPPH

K6hnlein CuSO45H20

LiF optical

Stockholm Ehrenberg Titration

Ehrenberg with
L6froth NO

Oslo Henriksen DPPH

Utrecht ten Bosch absolute

Braams DPPH

Geleen Smidt Ti+++ chelate

Eindhoven v. Wieringen MnS in ZnS

Frankfurt Redhardt DPPH

Pohlit di-phe-anisil

Oak Ridge Randolph DPPH

pitch

measured values

1.2 0.66 0.36

0.104 1.22 0.64 0.36

-- 2.02 0.98 0.55

0.18 2.0 1.0 0.6

2.0 1.0 0.56

1.44 0.74 0.40

0.68 0.39 0.22

ples of this sugar irradiated to three dose levels were circulated by

the Swedish centre to each of the participating groups, who meas-

ured the spin concentration on their own apparatus, and returned

a portion of the sample for subsequent check measurement by

Ehrenberg et al., who found no significant changes. In the early

work five groups were involved, and these were recently joined by

two others (Redhardt and Pohlit in Frankfurt, and Randolph in

Oak Ridge).

Two calibrations have now been made, and the present status

of agreement among the different groups is represented in Table 1.

It can be seen that the values fall into two classes, differing by a

factor of 1.6, and there is at least a suggestion that a systematic error

of some kind may account for the difference between these two

classes, but its nature has not yet been determined. Reproducibility

and relative measurements within any one centre are as a rule con-

siderably better than the accuracy of comparison between groups, but

in one centre two different methods of standardization gave results
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differing by a factor of 2. Of course, the same systematic error could

have been present there, too.

Although it would have been pleasant to record more satisfactory

agreement at this stage, the most important matter is perhaps the

programme of continuing intercomparisons which one hopes may
be extended to include other centres far and near, - for the Inter-

national Postal Union provides a very satisfactory collection and deli-

very service for small samples, provided one can prevent Customs offi-

cers from X raying them too heavily. The participants in the present

intercomparison would be interested to meet informally with other

workers who may be present here, with a view to extending this

intercalibration. The work involved, particularly for the issuing and

collecting centre, is quite considerable, but in the long run this

could properly be done by one of the national or international

standardizing laboratories.

7. IMPROVEMENTS IN TECHNIQUE

Reitb6ck and Redhardt u) report on an elegant and skilful improve-

ment in ESR apparatus. They show that a molecular amplifier (or

maser) can be expected to increase the absolute sensitivity of an

ESR spectrometer, especially in work at low temperature, provided

the frequency response of the spectrometer is a very flat one, and

provided certain other conditions are also satisfied. They have devis-

ed a twin cavity microwave circuit which greatly reduces spurious

signals arising from frequency variations, and have built for use in

conjunction with this circuit a ruby maser operating at the con-

veniently high temperature of 90 °K, (i.e. liquid air instead of li-

quid helium,) which gave a stable amplification of 32 dB with a

band width of 540 Kc/s. These improvements in measuring tech-

nique are important, and will open up new experimental possibili-
ties.

8. AMINO ACIDS AND PROTEINS

Turning to studies on the amino acids, which must by now be

the most heavily irradiated of all biological substances, Sommer-

meyer and Schirmer l) report work on the yield and diffusion dis-

tances of radicals in glycin, alanin, leucin, serine and valine.

The ratio of initial radical yield for alpha radiation to that for

X radiation ranges from 0.4 for glycine to 0.8 for alanine and leu-
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cine. The yields are reduced at doses above 1 Mrad, and in the case

of glycine this falling-off in yield occurs at a lower dose level in

powdered material than in single crystals, which contradicts the
hypothesis that a saturation of superficial sites is involved. The

authors attribute this falling-off in yield at the higher dose levels,

and also the lower yield from a particle irradiation, to an initial

recombination of radical fragments such as protons, NH2., NH_
and .COOH which, they postulate, will find one another by simple

diffusion through the crystal. They start from the negative exponen-
tial "random-walk" formula for the probability that two entities

initially at a given distance apart shall diffuse to within an assumed

"capture distance," and they apply this formula to their experi-

mental data. On the assumption that the capture distance lies
between 0.5 and 3 A, and making further assumptions about the

initial separation of radicals in an o_ track, they deduce that the

radical fragments diffuse over distances of the order of 150 to 300/k

before recombining.

N

Ig

! ! i i

GLYCINE

/ x Sommcrmcycr ond

Schirmcr

t Aotblat and Simmons

I i I
5 I0 15 20

Dose (M rod)

Fig. 11. Dose-effect curve for glycine. (Sommermeyer and Schirmer; Rotblat

and Simmons.)

Rotblat and Simmonsl) have studied the change in radical yield

with total dose given to the sample in five amino acids. They find

the same general shape of the dose-response curve in glycine as do
Sommermeyer and Schirmer (see Fig. 11), and they determined an

'7 IS!i,-
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initial yield corresponding to 27 eV/spin. The signal from glycine

reached a "plateau" at about 20 Mrad, while in alanin the pla-

teau was only reached at some 200 Mrad, and in valine, aspartic

acid and glutamic acid between 100 and 200 Mrad.

Amino acids and proteins have been irradiated by Randolphg)

with UV, and by Koch and Fr_inzC) with both UV and X rays.

Randolph found a low G value for radical formation by UV, and

in the case ofglycyl glycine a different shape of ESR spectrum from
that characteristic of the X irradiated material. Koch and Fr_inz

found that the materials they tested fell into three groups :- (i) Those

in which UV produced the same type of signal as X rays, and the

two radiations together produced merely an enhanced signal.

Cystine and silk fibrin belonged to this group; (ii) Those in which

UV produced a different type of signal from X rays; UV given

after X rays then caused a transformation of the ESR signal from

the X ray into the UV form. All the sulphur-containing amino

acids were in this group; (iii) Those in which UV produced no

signal at all. Alanin and tryptophane were of this kind, and trypto-

phane showed no signal after 105 rad of X radiation. All the sub-

stances tested in which UV produced an ESR signal contained

sulphur, excepting only silk fibrin, and some workers have reported a

fraction of one per cent cystine in the latter; enough, in fact, to

give a measurable signal.

9. COMPLEX BIOLOGICAL MATERIALS

Turning finally to more complex biological materials, Singh,

Venkateraman, Notani, Chandra Mouli and Bora k) have irradiated

seeds belonging to four different strains of maize. They found dif-

ferences in the yield and decay rate between high oil and low oil

seeds, but they state that no clear correlation between radiosensiti-

vity and radical content could be observed. In the seeds of Ornitho-

gallum virens they found that the narrow ESR line observed resided

entirely in the seed coat. Rajewsky and Redhardtt) have studied

the gradual change in ESR spectrum which takes place in dry

keratin after irradiation, - using feather quills as experimental

material. The ESR spectrum immediately after irradiation is as

shown in Fig. 12. The line A at the low frequency end of the keratin

spectrum is taken as indicating the formation of radicals containing

sulphur, and in carefully dried material this grows within one or

216
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two hours of irradiation to an equilibrium value which is some

130 to 150% of its initial value. The shape of this line as measured

by the ratio A to B does not change significantly in this time, but a

transient line near the free spin position decays as the line A in-

creases.

-- g= 2,0023

°/o °/o

14o,f ,4o / hriL;

AX120 120
30 ° C

looJ. ,,t--b A"1°°1 L---c'LD

L__c ,. 1 0]"
01" 20 40 60 80 min 20 40 60 80 min

x + I01 A x +10]"

_-lO'-°J _ xv A_B,,-"::; x .
°/o A X X .... "Y" 'K'XX _ _ X"XX'XX "_ "% "_ ' :
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Fig. 12. ESR signal from irradiated keratin and changes after irradiation.

(Rajewsky and Redhardt.)

The growth of this line cannot, however, account quantitatively

for the absence of any ESR spectra characteristic of the radicals

which one would expect to find in the sulphur-free amino acids
contained in keratin. For short time intervals after irradiation the

rate of change of A depended on temperature in a manner from

which an activation energy of 0.65 eV could be calculated. The

authors draw an analogy between the enhancement of the sulphur-

containing radicals in solid keratin and the indirect effect on solu-

tes in aqueous solution.

'217,
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Mfiller e) has studied the ESR signals induced in T2 phage, and
also in DNA extracted from T2 phage by irradiation either at

77 °K or at room temperature. These radiation-induced signals are

easily distinguishable from the very broad paramagnetic absorp-

tion spectrum previously reported by Mfiller in unirradiated phage.
He has now made the very important observation that the ESR

signal in irradiated DNA is no longer linear with dose above about

100 Krad, as seen in Fig. 13. In the case of the amino acids a

W

I I I ,_ I

Dose (rad) (x IO s)

Fig. 13. Dose-effect curve for dry DNA from T2 phage. (Mtiller.)

similar decrease in the slope of the dose-effect curve begins in the

megarad or multi-megarad range, as reported by Rotblat and

Simmons. At very high doses the number of radicals in irradiated

DNA reaches a constant value corresponding to about 10 radicals
per whole DNA molecule. Earlier ESR studies on DNA had used

high doses, and had, therefore, given an altogether false idea of

the efficiency of radical formation. Mfiller finds that the initial slope

of his dose effect curve for DNA corresponds to an energy expendi-

ture of only 15 eV per radical. In radiation-chemical terms, the G

value is 6.6. This means that radical formation in DNA must be given
very close attention instead of being dismissed as a rather inefficient

process. The ESR signal from whole T2 phage was intermediate

between that for DNA and that found for proteins. It departed

from linearity above 200 Krad, but did not show a plateau as did

the extracted DNA. In the whole phage, but not in the DNA, some

9,.,18
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radicals giving narrow ESR lines were present in the unirradiated

material.

It may be useful to conclude this review with a composite table

(Table 2) bringing together the various values of radical yields

which are reported in the papers I have been reviewing.

TABLE 2

Substance Authors
Yield radicals/100 eV

In vacuo In air

Palmitic acid Revina 20 20

Tripalmitin and 12 7

Potassium palmitate Bach 9 7

Succinic acid Fr_inz and 1

Disuccinoyl peroxide Randolph 1

Dry Frozen sol.

Glutathione Henriksen 5 6

Oxidised glutathione 8 6

Penicillamine 7 8

Cysteamine 11 7

Cystamine 13 14

In air

Glycine Rotblat 4
Alanine and 2

Valine Simmons 2

Aspartic acid 1.3
Glutamic acid 1.5

In vacuo

T2 phage DNA Mtiller 6
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DISCUSSION
t

M. G. ORMEROD

Mtiller's e) observation of a radical saturation in DNA irradiated at

low doses at room temperature aroused considerable interest.

Hutchinson (Tale Univ., New Haven, Conn., USA) wanted more de-

tails of this saturation, while Alexander (Chester Beatty Res. Inst.,

London, Gr. Britain) asked specifically about the effect of tempera-

ture on it and Bertinchamps (Euratom, Brussels, Belgium) asked how
stable the saturated radicals were after the cessation of radiation.

Mfiller replied that at liquid nitrogen temperatures radical build-

up was linear up to a dose of a few megarads and that saturation

had only been observed at room temperature. The level of satura-

tion had been found to differ from one sample to another. The

room temperature spectra showed marked hyperfine structure,

but there was much less structure in the spectra taken at 77 °K

after irradiation at that temperature. This could be due either to

different protein contents in the samples or to the proposed

ability of one DNA molecule to contain only one radical; damage

during preparation might give a variation of molecular weight

between samples which would then give a variation of saturation

levels. After saturation had been reached, if radiation was stopped

it was found that the radicals were comparatively stable. Decays

of about 10% in 24 hours were normal.

Wyard (Guy's Hospital Medical School, London, Great Britain) wanted

to know why irradiated sugar was used as a standard in the absolute

calibration comparison made between several laboratories. He

pointed out that several laboratories used a carbon sample which

gives a much simpler spectrum and this might lead to more con-

sistent results. Mtiller said that the line shape of the sugar spectrum

is nearly Gaussian while that from a coal sample is Lorentzian. A

Lorentzian line has a longer tail to it which leads to greater errors

during integration.

Fowler (Hammersmith Hospital, London, Great Britain) asked whether

the curves of radical concentration versus dose in glycine owed

their saturation to any effect of the high dose rates used, for example

in heating of the sample. Rotbla0) said that in this work a range of
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dose rates had been used and that the curves shown were not due

to dose rate effects.

Kuzin (Academy of Science, Moscow, USSR) said that in similar

experiments to those by Fr_inz and Randolph a) he had obtained

different results, in particular in succinic acid, and asked if this

could be due to the presence of more than one radical species.

Fr_inz said that he thought that this might be so and asked if a

more detailed answer could be given by Whiffen (National Physical

Laboratory, Middlesex, Great Britain), who pointed out that the observed

radical concentrations and species depended on the thermal history

of the sample after irradiation. The single crystals studied at the

NPL were usually thermally annealed to give a single radical species.

Read (Wakari Public Hospital, Dunedin, New Zealand) said that

the first effects of irradiation are the production of a positive mole-
cular ion and a free electron. The latter travels some distance while

losing its energy and in the crystalline or glassy materials at low

temperatures may be held in an electron trap. He asked if the posi-

tive molecular ions and the trapped electrons would give ESR signals.

Ormerod said that during studies of irradiated polymers at 77 °K

it was found that most polymers gave spectra due to neutral free rad-

icals. These spectra had been identified by studying oriented speci-

mens. However, in polymethacrylic acid and its esters trapped elec-

trons had been observed and identified by the use of particular addi-

tives. Unfortunately there was no ESR evidence for the positive ions.

Hart (Argonne Nat. Lab., Ill., USA) found two features of the com-

munication by Revina and Bach l) of considerable interest. They

were the extreme simplicity of the free radical RCH2CHCOOH

formed at room temperature in a complex fatty acid and the high

G (radical) reported. He wanted to know if Bach could suggest

mechanisms that could account for these observations. Bach replied

that the high G (radical) was due to the measurements being made

at low temperatures and at low radiation dose rates, so that all the

radicals were trapped. In most early published work only a few

of the radicals formed were observed owing to the measurements

being made at too high a temperature. It was not possible to say

why a particular radical is observed at room temperature since too

little is known about radical reactions in these systems. More data

on the kinetics of radical decay would have to be obtained before

this question could be discussed more fully.
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I. INTRODUCTION

That ionising radiations inhibit DNA synthesis has been known

since the classical experiments of Hevesy twenty years ago. The

two questions which emerge from his observation are, first, what is

the mechanism of effect of radiation on the DNA synthesis, and

second, is this mechanism connected in any way with the radiation

induced "genetic death" of dividing cells. Although twenty years

have gone by since these questions were posed, they are still not

fully answered. The thirteen papers in this session bring some inter-

esting information on this problem, and the material presented in

these papers can be put under three headings: effects on DNA and

DNA synthesis, effects on cell cycle, and effects on the chromosomes

and reproductive integrity of the cells.

2. THE EFFECT OF DNA AND DNA SYNTHESIS

Drakulic and Kosg) have irradiated E. coli with 16000 r and find

that in the irradiated samples there is a loss of DNA per cell as well

as a loss of reproductive integrity. They have tested a number of

compounds which prevent the breakdown of DNA after irradia-

tion, but they find that most of them inhibit DNA synthesis as well,

e.g. sodium citrate, succinic acid, glutamic acid, ATP, AMP, DNP,

salicylate, and sodium azide. The effect is less clear with EDTA and

ADP, which did not significantly inhibit DNA synthesis, but pro-
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duced only moderate protection against DNA breakdown. The
authors state that they could not observe any positive correlation

between DNA content and viability during the post-radiation in-

cubation period. They advance the interesting hypothesis that the
radiation-induced breakdown of DNA in E. coli is but an unsuccess-

ful attempt at replication, and hence the same enzymes may be
involved in DNA breakdown as in DNA synthesis, but in a dis-

organised manner. Nygaard l) attempted to analyse the enzymes

involved in DNA synthesis using the plasmodial slime mould Phys-

arum polycephalum. This is a beautiful biological system in which
synchronous division can be produced at will. Nygaard isolated

the enzyme polymerase from these cells to test whether irradiation

affects the polymerase activity in the organism. The polymerase
content of the organism does not change very much during its cell

cycle, apart from a small but perhaps significant drop about two

hours after mitosis. Nygaard has irradiated this organism with

100000 r X rays, but failed to detect any effect on the polymerase

activity, irrespective of the stage in the cell cycle at which the
organism was irradiated. This observation is significant in view of

the fact that smaller doses of radiation (21000 r gamma rays) lead

to complete sterilisation of the nuclei, although even that dose did

not affect DNA synthesis when delivered during the period of syn-
thesis. The author came to the conclusion that in the slime mould

the enzyme DNA polymerase is not a target of primary importance

with respect to ionizing radiation. From his data it also appears

that cells can be completely sterilized without any measurable effect

on DNA synthesis.
Nygaard's observations are somewhat at variance with the results

of Bianchi, Butler, Crathorn and Shooterb). They were studying

the pathway of DNA synthesis in mouse leukaemia, and in particu-

lar they followed the various steps involved in the incorporation

of thymidine into high polymer DNA. As their results in Table 1
show, the activity in high polymer DNA is more depressed by

irradiation than the step leading to monophosphate or triphosphate

formation. They come to the conclusion that in this mammalian sys-
tem the polymerase reaction giving rise to polymerized DNA ap-

pears to be affected more by irradiation than either of the two

previous steps in which the kinases are involved.

There are obvious differences in the two systems, the mouse pre-
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TABLE 1

Fraction of the total 3H thymidine present in tissue which has been converted

to TMP, TTP and DNA half an hour after injection of 7/zC _H thymidine

in vivo. Each result is the mean of 3 experiments.

Spleen Lymph nodes

DNA TTP TMP DNA TTP TMP

Control 0.69 0.78 0.90 0.69 0.75 0.84

½ hr_ 0.53 0.68 0.82 0.42 0.53 0.72
1 hr |after 0.52 0.63 0.78 0.52 0.68 0.80
2 hr)irra- 0.20 0.45 0.65 0.14 0.30 0.55
3 hr |diation 0.15 0.25 0.57 0.10 0.17 0.38
4 hr) 0.13 0.29 0.55 0.17 0.25 0.51

(Bianchi, Butler, Crathorn and Shooter.)

senting a marked depression of the final DNA synthesis by as little

as 600 r gamma rays, while this process is not affected in the slime

mould by as much as 20 000 r gamma rays. The question arises wheth-

er the polymerase content of the two systems are similar or vastly

dissimilar. If the polymerase content of the slime mould is relatively

high, while that in the mammalian system is very low, a mild degree

of inactivation may not be detectable in the first, although showing

a significant loss of activity in the second cell type. What is perhaps

even more likely is that the slime mould contains a store of the

enzyme polymerase, while the mammalian system depends on the

continued production of the enzyme, and perhaps it is not the

enzyme molecule itself but its production which is affected by

irradiation. This, however, is a subject for further study.

That there are bewildering differences even between mammalian

cells, is demonstrated by a paper from Alexander and Mikulski a)

who gave 300 r X rays to mouse lymphoma cells L 5178 Y in vitro.

They found that this dose of radiation and similar doses of alpha

particles do not affect the DNA content of the cells until the cells

actually begin to disintegrate. During the short post-radiation per-
iod the DNA content of their irradiated cultures does not differ

from that of the normal. The cells either perform one or two post-

radiation mitoses or simply form giant cells, but DNA synthesis

is not apparently inhibited. In both these last two papers mouse

lymphoid malignant cells are being studied, the difference being

.22 
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that in the case of Alexander and Mikulski the system is in vitro,

while in the case of Bianchi and his collaborators it is in vivo. It is

conceivable also that in Alexander and Mikulski's system a mild

temporary depression of the rate of DNA synthesis may not show up as

well as in the more direct approach of Bianchi and his colleagues.

It would be highly interesting to compare the two systems using

the same parameter for the measurement of the DNA synthesis.

Using a different strain of cells, (HeLa cells in vitro), Terasima

and Tolmach m) found that 300 r X rays do affect the process of

DNA synthesis (as measured with 3H thymidine incorporation on

autoradiographs) but that the effect depends on the stage of the

cell cycle at which the radiation is delivered. They find, for example,

that if radiation is given during the process of DNA synthesis they

can detect a depression of the order of 30 per cent. As the DNA

synthetic period occupies a considerable part of the interphase in

these cells, their system should again be comparable to that of

Alexander and Mikulski, if similar parameters for the measurement

of DNA synthesis are used. Again a comparison between the two

systems would be very interesting indeed.

Two papers from Cambridge, by Smith 1) and Dendye), report

on microbeam effects by alpha particles and UV radiation. These

authors use massive doses of radiation, and they find an immediate

effect on DNA synthesis in mouse cells in vitro (L cells and embryo-

fibroblasts) using aH thymidine autoradiographs. The effects of

UV and alpha particles are fairly similar. It is not necessary to

irradiate the nuclear volume only: irradiation of the cytoplasm,

and indeed of the medium in close proximity to the cell wall, also

produces depression of DNA synthesis. In the case of cytoplasmic

irradiation only about 2 per cent of the cytoplasm is exposed. For
this reason the authors come to the conclusion that, with these

massive doses, some inhibitory mechanism may be released which

is eventually responsible for the depression of the rate of DNA

synthesis. It may be noted that in an earlier work Smith 1) has

reported that the HeLa cell shows very little effect in respect of

DNA synthesis following large doses of radiation, his dose-response

curve showing 90000 rad to give a 63 per cent depression. This is
in contrast to Terasima and Tolmach's observation on the same

cell type, also in vitro, where 300 r given in the synthetic period

produces about a 30 per cent depression.
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Q uastler k) in a summary paper, gives a very important correla-

tion of factors which are involved in the incorporation of a labelled

precursor into DNA. His conclusions, based on fast growing mouse

tissues in vivo, are presented in Fig. 1. He points out that in various

cell types and in various systems, even with the same cell type,

different parts of this scheme may be differently affected by radiation,

OUTSIDEICOMPETITIVE SINKSINSIDEI I oFADMINISTRATIONpRECURSORP" I COMPETITIVE SOURCES 1

FaIN DEPOSIT

I ENDOGENOUSPRECURSORSI

l TRANSPORTI

/!

_1 S_E/E_RAT_CG P'IN CELL _ / /

ICATABOLISM_ 1:NCTORPORAT/ONMIETAOOLISN/

• I - 1
$ IN STORAGE _ /NyCORPEOsRATIONIP :

_ RETENTION

I
I IN PREPARATION

I OBSERVATION

Fig. 1. Factors involved in the incorporation of a labelled precursor in DNA.

(Quastler.) P = precursor, S = store, L = label.

and a more accurate analysis of all these factors is required before

a full understanding of the radiation effect on DNA synthesis can

be achieved. To this scheme I should like to add Fig. 2, which is

based on some of our recent observations which compare the shape

of the dose-response curve of X rays on DNA synthesis in different

systems. It is clear that systems with a pronounced So component will

show extreme sensitivity, while a similar system which has lost the

So component will behave like one with the Sz and $2 components
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Fig. 2. X ray dose response relationships for the process of DNA synthesis. The
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it may represent the integrity of the DNA template. The $IS2 curve applies

for most oxygenated mammalian ceil systems in vitro, in which $I represents

the sensitivity of a rate limiting factor. The SoSIS2 curve represents response

of ]ymphatlc tissue in vivo, where both So and $I represent rate limiting factors.

(Lajtha, to be published.)

only, and show a greatly diminished response. Lymphoid tissues

in vivo show the So, $1 and Sz response; in vitro, they show only $1

and $2. It is suggested, therefore, that in further studies on the effects

of radiation on DNA synthesis, as many as possible of the factors

listed by Ouastler and the full analysis of the dose-response relation-

ship ought to be investigated.

3. EFFECTS ON CELL CYCLE

There are three papers dealing with effects on the cell cycle, all

three using the HeLa cells, and the same $8 clone -- as far as it is

possible to call three clones in three different laboratories the same.

In an earlier paper, Painter 2) has reported on a cell cycle delay, in

particular of the G 2 period of the cell cycle, produced by 500r Xrays.

In his present paperJ) he confirms his earlier observations (Fig. 3),

but proposes the interesting theory that the delay produced may not

be a specific G 2 delay but a particular damage which requires a

certain time for repair. If the cells are irradiated in the G 2 period,

which is very close to the subsequent mitosis, this delay will show

up, while cells early in their cell cycle (G 1 or early S period) may

have sufficient time to repair the lesion, so that when they come
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Fig. 3. G 2 delay in HeLa cells in vitro.

(Painter.)

to their G 2 period, the damage will not show up so markedly.

Terasima and Tolmach find essentially the same thing as Painter,
and they graph the delay in entering mitosis in terms of minutes of

delay per rad radiation (Fig. 4). They find that the delay increases
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Fig. 4. The correlation of mitotic delay with stages in the cell cycle (hours after

mitosis) at the time of irradiation of a synchronized population of HeLa cells.

(Terasima and Tolmach.)

throughout the cell cycle: it is about 0.3 min per rad in early G 1

and 1.4 rain per rad in G 2. On the face of it, their curve would

not suggest a standard damage such as Painter suggests, but it is

not certain whether their system is sensitive enough to make a clear

229



924 L.G. LAJTHA

distinction between Painter's scheme and that of a general but

unexplained interrelationship between delay and the cell cycle state.

Both Painter and Terasima and Tolmach report on immediate

effects, that is, delay within the first cycle after irradiation. The next

paper, however, that of Dawson and Fielda), investigates the cell

cycle delay apparent 7 days after irradiation of HeLa cells with

doses of radiation similar to those of Terasima and Tolmach, and

of Painter. Dawson and Field found earlier 3) that the overall cell

generation time is slowed down for several generations following

irradiation, and that this delay is dose-dependent. With a most

ingenious double isotope technique they analysed the cell cycle of

their cells on the 7th day post-irradiation, and came to the conclu-

sion that at that time it is only the G 1 period which is significantly

elongated (6 to 18 hr depending on the dose), while the G2 period

shows a mild elongation of one to two hours. At that time the rate

of DNA synthesis in the cells is not affected. The interesting point

of these three papers is that the cell cycle delays observed cannot

be correlated in either of the cases with any direct interference with

the processes of DNA synthesis, and furthermore, that the cell cycle

changes may vary in a way which depends on how soon after

irradiation they are investigated. It might be pointed out, however,
that the results of Alexander and Mikulski do not indicate either

an immediate cell cycle delay or delay appearing after several cell

generations, as shown by Dawson and Field. Alexander and Mi-

kulski make it clear in their paper that an initial temporary delay

lasting for only a few hours would not be detectable in their system.

However, the growth curves after the fourth day certainly exclude

a late elongation of the generation time. This is an interesting dif-

ference between the lymphoma cells they use, and the HeLa cells

used by Dawson and Field.

4. CHROMOSOMES AND REPRODUCTIVE INTEGRITY

Alexander and Mikulski have studied the reproductive integrity of

their mouse lymphoma cells in vitro by extrapolating from growth

curves and using the limiting dilution method. In this way they were

able to construct dose-response curves similar in nature to those found

with mammalian cells by Puck 4) and Hewitts). Presumably because

of the motility of these cells a clonal culture method is not suitable.

The cells have a cell cycle of about 11 to 14 hours, and after moder-
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ate doses of X rays, they are able to perform one or two post-

irradiation divisions before the onset of cell death. As has been

mentioned before, those cells which cannot divide still continue

DNA synthesis and grow into giants. The authors have developed

a radioresistant strain of cells which requires about 2½ times the

X ray dose to produce the same sterilization rate as the sensitive

strain. Using alpha irradiation, however, they find that there is no

post-irradiation division at all, although the sterilized cells still can

grow into giant ceils. Furthermore, with alpha irradiation, there

is no shoulder to the dose-response curve; it follows a straight

exponential relationship, and there is no difference in the response

between the X ray sensitive and X ray resistant strains of cells to

alpha particles. This finding compares well with a paper by Curtis

and Crowleyc), who studied chromosome aberrations produced by

gamma rays, X rays and fast neutrons in regenerating liver. These

authors find that 7½ r/day chronic gamma exposure produced only

a small increase of aberrations above that found in control animals,

and call attention to the fact that even in the control animals the

frequency of aberration increases with the age of the animal. A

single dose of 234 rad X rays produces a significant number of aber-

rations but these decrease with time, that is, there is evidence that

the aberrations produced by X rays can "heal". Furthermore, the

authors find no good agreement with a theoretical extrapolation

from their chronic irradiation to the single exposure data, which

indicates that the X ray produced chromosome aberrations follow

a "multihit" type of curve as a function of the dose. It is significant

that while the aberrations produced by X rays can heal, the aberra-

tions produced by a single exposure of 323 rad fast neutrons do not

show any healing, in fact, they possibly increase further with time.
The authors state that this fits in well with other observations on

the lack of recovery from neutron irradiation, as far as life shortening

is concerned, and they suggest that the acceleration of ageing pro-

duced by irradiation may be due to induced mutations.

Alexander and Mikulski claim that alpha particles may have a

different mechanism of radiation sterilization than X rays, a state-

ment well in keeping with the results and conclusions of Curtis

and Crowley. -.

The phenomenon of post-irradiation division is further discussed

by Dawson and Field, who report that in their HeLa cultures one or
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two divisions occur during the first four days, even under a frac-

tionated regime of daily 200 to 300 r (Fig. 5). The numbers of cells

decrease only after the fourth day, that is, at about the same time

as Alexander and Mikulski's lymphoma cells following 500 rad.
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Fig. 5. Post-irradiation division of HeLa cells under a regime of repeated irra-

diation. (Dawson and Field.)

Terasima and Tolmach also find this post-irradiation division, but

they claim that the number of post-irradiation divisions depends

to a great extent on the phase of the cell cycle in which the cells

were irradiated (Fig. 6). They also constructed X ray dose-response

curves for their synchronous HeLa cell population using the Puck

plating method6). They confirm that differences in dose sensitivity

in respect to reproductive integrity are found, depending on the

phase of the cell cycle which is irradiated. Greater sensitivity is

found in mitosis and in the early S period. The minimum sensitivity

is in the G I and G 2 periods. They have constructed, for a mixed

cell population, a theoretical composite dose-response relationship

predicted from the cell cycle of their HeLa cells. This curve shows

a typical "multihit" shape with a straight exponential path down

to at least the sixth decade. Although they do not state whether

this curve fits their cells in a non-synchronised condition, it is parti-
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Fig. 6. The relation between the number of post-irradiation divisions in syn-
chronized HeLa cells and the phase of cell cycle during irradiation. (Terasima
and Tolmach.) (0 hr: cells in mitosis. 4 hr: G 1 stage. 14 hr: S stage. 19 hr G 2

stage. Control: non-synchronous cell population.)

cularly important as it indicates that a single dose-response curve,

even if it has a straight portion reaching down to six decades, is

not a sufficient indication of homogeneity of the cell population in

respect of radiosensitivity. These results tie up well with the two

papers by Dewey and Humphreyf), and Humphrey, Dewey and

Corkh). These authors perform a careful analysis of the types of

chromosome damage produced by 300 r X rays and UV irradia-
tion of their Chinese hamster cells in vitro. Their results have been

discussed in respect of chromosome morphology by Auerbach in a

previous session. What is relevant here is their statement that chro-

mosome restitution is complete in about 5 to 10 min if the irradia-

tion is delivered in the G 1 period, whereas the breaks remain open

for about an hour if they are produced during the S period. They

also state that dose-rate is particularly important because the dif-

ference found between G 1 and S period is much less at a rate of

518 rad/min than at 128 rad/min. Their results show some inter-

esting differences between the effects of UV and of ionizing radia-

tion, as summarized in Fig. 7. UV produces most breaks when given

in the early S period, whereas gamma rays are most effective in the

'23 3
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G 2 period. With gamma rays, 70 per cent of the damage produced

in G 1 is of the chromosome type: with UV the chromosome type
of damage is rare, and mostly chromatid type is produced. The

authors state that their finding is in support of the two stranded

structure of the chromosome proposed by Taylor 7) and that in this
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Fig. 7. Comparison of the effect of ultraviolet and gamma irradiation in producing

mitotic abnormalities by exposure at different stages of cell cycle. (Humphrey,

Dewey and Cork.)

way some information about the physico-chemical state of the inter-

phase chromosome in G 1 and S period may be obtained. The Texan
authors did not investigate dose-response relationships in respect of

reproductive integrity, but their results would not easily extra-
polate to those found by Terasima and Tolmach. Humphrey and

Dewey found about four times as much damage from gamma rays
when cells were irradiated in G 2 compared with those irradiated in

S, whereas Terasima and Tolmach found a greater sensitivity in

early S than in G 2. The cell types used by the two groups of workers

are not the same, and this may explain the different results. It
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would, however, be very important indeed to correlate these two

types of investigations using the same cell strain in the same culture

condition, to determine whether or not visible chromosome damage

The above two papers indicate no good correlation, but, as has

been said, the cell types used were different.

5.. CONCLUDING REMARKS

To summarize, the results of these 13 papers indicate the following

(see also Table 2).

TABLE 2

Immediate effects of X or gamma irradiation related to cell cycle state

State of Rate of Total delay Chromosome Sensitivity

cell cycle DNA synthesis of cycle breaks (reproductive
integrity)

G 1 slight minimal moderate minimal

S moderate long slight maximal

G 2 maximal maximal minimal

M slight maximal maximal

(Terasima and Tolmach; Humphrey, Dewey and Cork.)

(a) DNA synthesis may be affected by radiation in different

ways, depending on the cell type used, on the milieu in which the

cells are kept, on the cell cycle state and on the quality and quantity
of radiation.

(b) Cell cycle delay may vary with the state of cell cycle during

irradiation, on the time after irradiation when the phenomenon is

investigated, and possibly on the cell type studied. The nature of

the mechanism of cell cycle delay is not understood. It is likely that

several different and perhaps unrelated mechanisms are involved.

(c) Although some correlation between immediate cell cycle de-

lay and chromosome damage can be established, this will vary with

the quality and dose rate of radiation used. Neither of these param-

eters, nor inhibition of the rate of DNA synthesis, can be correlated

with loss of reproductive integrity.

This apparent lack of easy correlation between data from dif-

ferent approaches should not be discouraging. On the contrary,

these papers make it clear that, for a proper understanding of the
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mechanism of radiation effects on cells, a concerted effort of these

various fields of study is essential. It is also clear that the time has

come when all the measurable parameters should be investigated

in the same experiment with the same cells, in the same milieu

and cycle state, with the same quality of radiation, in one laboratory.

There may not be many teams of workers who could perform such

manysided experiments, but it would be a most profitable effort if

a number of groups of workers could agree to form a temporary

team for the purpose to work together in one laboratory for the

required few months. I would venture to predict a great future

indeed for such temporary working parties.
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DISCUSSION

M. ORD

Dept. of Biochemistry, University of Oxford, Great Britean

The discussion was opened by Nygaardi), who emphasized that

the apparent discrepancy between his results on the insensitivity of

polymerase in slime mould and its sensitivity in the leukaemic cells

used by Bianchi et al. b) might be due to the difference in controlling

factors in these different cell types, especially in physical factors not

yet adequately understood.

Alexander a) thought that in the murine lymphoma cell system,

metabolic factors might be particularly important in governing

the post-irradiation behaviour of cells. The number of divisions

through which cells might pass before death was reduced in starved

cells. Dewey f) pointed out that in mouse L cells there was a good

correlation between chromosome damage and decreased cell survival
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in agreement with the results of Terasima and Tolmachm). In
hamster cells dose rate was important, 100 rad per rain in G 1 allow-

ing greater restitution of breaks than 500 rad per min. Conditions

at the time of irradiation were very, critical.

Savage (MRC, Harwell, Berks., Great Britain) asked Dewey for

further details about the type and amount of chromosome damage
induced in S and G 1 cells. In reply, Dewey said that, when a

high dose rate (518 rad per min) was used, cells irradiated in S

showed 1.05 exchanges per cell, 95% of them of" the chromatid

type. G 1 cells showed the same exchange rate but only 48% were

chromatid. With fractionation of the dose into two equal parts
separated by 5 min to 1 hr, the exchange rate was unaltered in the

S cells, but in G 1 ceils it dropped to 0.56 per cell and only 35%
were chromatid. In the S cells the breaks remained open for at

least an hour, whereas in cells irradiated before synthesis starts they
remained open for less than 5 min.

In answer to a question from Muldal, (Paterson Lab., Christie

Hospital, Manchester, Great Britain) Curtis e) explained that he had

scored only gross chromosome damage in liver cells, recording
bridges and fragments.

Barendsen (Radiobiol. Inst., TNO, R_jswijk, Netherlands), Burch

(Dept. Med. Physics, Univ. of Leeds, Great Britain) and Rajewsky

(Max Planck Inst., Frankfurt, Germany) had questions about the pa-
pers of Smith 1) and Dendy"). In amplification, Smith said that about

50 o_ particles were delivered per /_2. The distance between the
microbeam and the cell membrane was 8 to 12 microns. Irradiation

of the nucleolus and the nuclear sap were about equally effective in

delaying DNA synthesis; irradiation of the cell sap was only about

half as effective. These effects on DNA synthesis took time to develop.
Earlier work had shown that irradiation of the whole nucleus pro-

duced an immediate effect. Irradiation of the nutrient medium pro-

duced an effect on DNA synthesis at 2 hr but this was no longer

apparent 6 hr after exposure. No investigations had been made of the
effects of temperature on the system. Goldfeder drew attention to

the fact that the irradiated medium affects the response of cells in

culture. Cells transferred to a fresh medium immediately after ex-
posure were less affected than if allowed to remain in medium which

had been exposed. The importance of cytoplasmic irradiation on

DNA synthesis was also stressed by Kuzin. Philpot mentioned that

93- 
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he and Horgan 1) had suggested that the production of single free

radicals at a membrane surface might produce localized chain aut-

oxidation which would be physically equivalent to puncturing a hole

in the membrane, thus leading to a metabolic disturbance in the

adjacent region. With electron microscopy of cells fixed a few min-

utes after X irradiation, Goldfeder had seen rupture of the plasma

membrane.

Neary ( MRC, Harwell, Berks., Great Britain) mentioned his results

with bean root meristems 2) which were in marked contrast to those

of Painter and of Terasima and Tolmach for mammalian cells.

In the asynchronous bean root cells, delay in reaching the next

mitosis is greater in cells exposed in G 1, and progressively less

as interphase advances. Cells exposed in G 2 are not much delayed.

Again in the bean root meristem, Hornsey (MRC, Hammersmith

Hospital, London W12, Great Britain) quoted her own results a)

which differed from those of Dawson and Field. Hornsey had

found that in cells dividing 3 or 10 days after X irradiation the cell

cycle was not slower than in normal cells. She emphasized that

the changes in population size could be accounted for by cell

death rather than by any lengthening of the division cycle, and

pointed out that if dying cells were included in an analysis carried

out by a labelling technique, the apparent cell cycle would be

artificially lengthened. Dawson replied that in his material some of the

cells were going to die and that these non-viable cells would affect the

estimated values for the average lengths of the phases of the cycle.

Barendsen (Radi0bi0l. Inst., Rijsw_jk, The Netherlands), with reference

to the paper of Alexander and Mikulski, questioned whether the dif-
ferent effects of a and X radiation should be considered to be fun-

damental. Such effects as failure to complete one division after

irradiation, compared with failure only at the second division, may

be produced with different efficiencies by different radiations with

a continuous change of these efficiencies with LET. In the same

context, Neary said that in the bean root meristem, and by using

Hall's kinetic model4), he had found that after both X, gamma and

fast neutron irradiation, non-surviving cells can make several divi-

sions, the number being inversely proportional to dose. For doses

giving equal root growth inhibition there was no difference in the

mean number of divisions after gamma rays compared with fast

neutrons.
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In answer to a question from Hewitt (Westminster Hospital, Lon-

don, SW1, Great Britain), Tolmach said that in his synchronized

HeLa cell cultures, 85 to 90% of cells are simultaneously in mitosis

soon after the synchronizing procedure. There is a loss of synchrony

at later times, so that when DNA synthesis begins 7 or 8 hr after

mitosis, cells enter S over a 6 hr period, and at the next mitosis

at 18 hr, the population divides over an 8 to 10 hr period.
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1. INTRODUCTION

A concise statement of the theme of this session appears in one of

the papers which it is my very great privilege to report on this

morning. Corp and Mole a) wrote: "It is one of the aims of radio-

biology to interpret macroscopic phenomena in cellular terms".

It is my impression that all our authors concede that certain

basic principles of cellular radiobiology, established in very simple

2z/i
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systems, are likely to retain their validity for cells incorporated in
an organized system.

I suggest that these generally acceptable principles are summa-

rized in the typical features of a tissue cell survival curve established

with an assay technique for counting reproductively intact surviv-
ing cells. According to Morkovin and Feldmanl), the parameters

which fit the widest range of data, at least for well-oxygenated

mouse and human cells, are a D 37 (or Do) value of 140 rads and

an extrapolation number of about 2.0 (Fig. 1). The initial shoulder

N=2 I
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Fig. I. Typical survival curves for well-oxygenated and anoxic mammalian
tissue cells.

of the curve is understood, from Elkind's brilliant studies, to indicate

the capacity of cells to accumulate sublethal damage, from which

they can completely recover within 12 hr. The sparing effect of
fractionation is completely accounted for by the Elkind form of

recovery provided that a contribution from cellular proliferation

can be excluded. For X rays and 7 rays, a dose enhancement factor

of about 2.5 is required for tissue cells irradiated under anoxic con-
ditions. Moreover, from the oxygen effect curve determined by

Deschner and Gray2), it is apparent that this relative radioresistance

becomes significant only at levels of hypoxia which are distinctly
low by physiological standards.

Two further principles of wide validity are these: firstly, that the

2 12
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reproductive integrity of a tissue cell is its most radiosensitive func-

tion; secondly, that damage to this function is not usually mani-
fested by dissolution of the cell until it has undergone one or more

post-irradiation divisions. Indeed, Glinos and Northf) have demon-

strated this last principle by tissue culture experiments with L

strain cells. I shall not describe their experiments, but their work

sanctions the inference that the greater macroscopic damage
seen in rapidly proliferating tissues does not imply a greater intrinsic

radiosensitivity of the cells of such tissues.
To satisfy authors who seek to orientate the inevitable bias of

their rapporteur I must describe the point of view from which I

have studied their papers. In interpreting phenomena due to the

operation of multiple factors, many of which cannot be adequately
controlled, one must start with some assumptions. For my part I

have assumed that all the basic principles I reviewed, established in

simple systems, are fully valid for cells irradiated within an organized

tissue; I have assumed also that the only extrinsic physiological
variable affecting the radiosensitivity of cells is the oxygen tension

in their environment. With these assumptions, I am inclined to

suspect that the deduction of atypical cell survival curves from

experiments with complex systems betrays the complicity of inci-
dental physiological influences affecting the statement of the "surviv-
ing fraction".

2. RADIOSENSITIVITY OF MOUSE CELLS

Conflicting evidence about the radiosensitivity of a given cell strain,

as signified by the D 37 value, can be obtained even with simple
systems. Hornseyi) determined survival curves for Ehrlich ascites cells

irradiated in vitro, surviving fractions being determined by trans-

plantation assay. The D 37 value was grossly modified when the

assay site was changed from new-born mice to the brains of adult

mice (Fig. 2). It is important to realize that a difference of intrinsic

radiosensitivity between two cell strains might be inferred if one
strain were to be examined by one technique and the other strain
by the other.

The haematopoietic system of mice presents the radiobiologist

with several technical advantages: firstly, it displays radiation dam-

age promptly, on account of the high rate of proliferation of its
cells; secondly, the separateness of the constituent cells facilitates

243
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Fig. 2. Modification of radiation survival curves for Ehrlich ascites cells asso-

ciated with change in the method of assaying surviving cells.

02: irradiation of cells in oxygen.

N2: irradiation of cells in nitrogen. (Hornsey.)

quantitative grafting; thirdly, the LD 50/30 days dose of whole-
body irradiation for initially healthy mice can be attributed ex-

clusively to damage sustained by this tissue.

Corp and Mole_) used this last feature in dose-splitting experi-
ments which enabled them to give an exceptionally good demon-

stration of the Elkind recovery phenomenon. The LD 50/30 dose

of radiation for a single dose to their F1 hybrid mice was 800 r; for

two equal doses with a 6 hr interval, it was 970 r. With a 6-hr

interval, this saving of effect by fractionation is unlikely to be contrib-
uted to by cellular proliferation and can reasonably be attributed

exclusively to the Elkind type of recovery. When the primary dose

given was 300 r, 500 r, or 700 r, the intermediate dose of 500 r

enabled the largest total dose to be given for attainment of the LD 50.
The illustration from their paper (Fig. 3) adequately describes an

explanation of their results. It is assumed that in all cases the LD 50
effect requires reduction of the stem cells to the same surviving

fraction. The shoulder representing the initial part of each dose
fraction indicates a relatively inefficient contribution to the total
dose. With a first fraction of 500 r, the dose-effect curve would

include the whole of both shoulders. With 300 r, part of the first

shoulder is lost; and with 700 r, part of the second shoulder. It is

indeed remarkable that so neat a display of fundamental phenomena

2,41
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Fig. 3. Effect of size of first dose on the LD 5 0/30 split dose of whole-body irradia-

tion for F1 hybrid mice (theoretical interpretation of results). (Corp and Mole.)
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Fig. 4. Survival curve for mouse

marrow cells irradiated in vivo.

(Till and McCulloch.)

can be got from a system using the grossest radiobiological end-
point of all -- death of the animal.

The outstandingly ingenious technique of Till and McColluchn),
which defies useful description in the time available to me, has
already given us the first survival curve for mouse marrow cells

irradiated in vivo (Fig. 4). These authors have now used their technique

to demonstrate occurrence of the Elkind phenomenon in their sys-
tem: a second shoulder appears on their curve when irradiation

'245
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is discontinued after 200 r and resumed after 3-4 hr (Fig. 5). The

saving of effect achieved by dose splitting, with a primary dose
of 200 r, varied with the time interval between fractions, being

id
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Fig. 5. Survival curve for mouse marrow cells irradiated in vivo. Effect of

dose-splitting. (Till and McCulloch.)
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Fig. 6.Irradiation of mouse marrow cells in vivo. Effect of time between fractions

on relative saving of effect achieved by fractionation. (Till and McCulloch.)

maximal at 5 hr and minimal at 11 hr (Fig. 6). The interpretation

of their minimal value at 11 hr appears to invite discussion.

The paper by Gurneyg) also describes an ingenious technique
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for measuring radiation-induced depression of mouse marrow func-

tion. Erythropoiesis ceases in hypertransfused mice, but the stem

cells retain their integrity and will respond to erythropoietin. This

response can be measured by determining radio-iron incorporation

in newly-formed red cells. Irradiation preceding the erythropoietin

stimulus reduces the response exponentially with dose (Fig. 7).

4° t (6)
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Fig. 7. Effect of radiation on response of marrow stem cells to erythropoetin

in hypertransfused mice. (Gurney.)

To discuss Gurney's results in more detail would involve a consider-

ation of complex haematological problems. However, it is impor-

tant to our present theme to observe that modification of the assay

system changed the character of the dose-response curve. A study

of Gurney's paper teaches an important lesson in our present con-

text: this is, that full interpretation of radiation response in an

organized system may be held up by deficiencies in our knowledge

of the relevant physiology. For example, Gurney refers to the

possible pluripotentiality of the stem cells, and discusses the com-

plication of his data which could result from a deviation of stem

cell destinies from erythropoiesis to leucopoiesis.

3. BEAN ROOT CELLS

As our understanding of the radiobiology of organized systems im-

proves, we shall use radiation increasingly to elucidate strictly bio-

logical problems, especially in respect of the cell kinetics of regenera-

tion. Hall, Lajtha and Oliver 3) published previously a dose-re-

247
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sponse curve for the cells of Vicia faba meristems. In their present

paper Hall, Lajtha and Clowes h) have used this information to-

gether with the results of further experiments to show that the

quiescent centres of root tips need play no special role in root re-

generation, as had been suggested by others. Their failure to find

evidence to support a contention that the cells of the quiescent

centre are atypically radioresistant saves us from a radiobiological

dilemma: we need not entertain the disturbing notion that bean

roots have built-in mechanisms for repairing damage done by

radiobiologists.

4. RAT THYROID

It is apparent that we are relatively deficient in quantitative tech-

niques for studying radiation damage to epithelial organs with a negli-

gible rate of cell division. In such tissues, radiation damage can be re-

vealed only by applying a stimulus to proliferation. The contribution

of Crooks, Greig, Macgregor and McIntosh b) to this session is,

therefore, of exceptional value. They studied the response to radia-

tion of the adult rat thyroid. When rats receive continuous admini-

stration of the goitrogen methylthiouracil, hormonal control of the

thyroid is disturbed and the gland undergoes a 4- to 5-fold enlarge-

ment during the first 4 weeks of treatment. The authors have evi-

dence that enlargement during the first two weeks is largely due

to hypertrophy or enlargement of the individual cells, whereas that

during the 3rd and 4th weeks is largely due to hyperplasia or

cellular proliferation. Irradiation of the thyroid before administra-

tion of goitrogen barely affected the early hypertrophic phase of

enlargement. Hyperplastic enlargement during the 3rd and 4th

weeks was, however, depressed. The D 37 value of their dose-effect

curve (Fig. 8) was about i000 rad, but I find that this is reduced to

a more familiar level if their data is restated in a way that eliminates

the contribution due to hypertrophy. Their results were not affected

by increasing the interval between irradiation and the start of

goitrogen treatment from 1 day to 2 weeks, showing that the radia-

tion damage was stored until the stimulus to cellular proliferation

was applied. It is this phenomenon which Glinos and North') de-

monstrated so admirably with their simple tissue culture system. I

should add that this thyroid system provides the important facility

of enabling a distinction to be made between the effect of radiation
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Fig. 8. Effect of preliminary irradiation on the hyperplastic response of rat thyroid

glands to methylthiouracil. (Crooks et al.)

on the reproductive capacity of the cells and the effect on the cells'

other functional capacities.

5. TUMOURS

More than half of the fifteen papers allocated to this session relate,

directly or indirectly, to the effect of radiation on tumours.

In an animal tumour-host system, the cancerologist and radio-

therapist seek a model of the human disease by means of which the

empiricism of the clinical situation may be elucidated. The pure

radiobiologist perceives the autonomous tumour as a discrete popu-

lation of cells of estimable size; eradication of the growth potential

of this population, or "cure" of the tumour, presents itself as a

deceptively precise radiobiological end-point. The ideal analysis is

conceived in which the number of reproductively intact cells in the

tumour is estimated with fair accuracy, a relevant cell survival

curve can be consulted, and the dose of radiation which must

be administered for a reasonable chance of cure can be simply

calculated. Naturally, embarrassments are encountered by those

who make this immaculate approach. We are reminded that a

tumour is a disorganized system, that the host differs from a tissue

culture vessel in being itself radiosensitive and in being improvi-

dent, and sometimes aggressive, towards the tumour cells it har-

bours. Stromal inadequacies and architectural peculiarities result

in foci of anoxic cells; transplanted tumours commonly evoke cyto-
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lethal influences from the host; with fractionation, earlier fractions

may induce a change in the extent of anoxic foci or in the level of

host immunity, so that later fractions act on cells in a transformed

environment.

The experiments of Suid) provide the best circumstances for

checking experimental radiotheraphy results against survival curve

data. He removed uncertainties associated with immunity, the

oxygen effect and fractionation by finding the single dose required

for control of 50% of totally anoxic spontaneous mouse mammary

tumours. This 50% tumour control dose was calculated as 5940 rad.

Fig. 9 shows the excellent correlation of Suit's results with the
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Fig. 9.50 per cent control dose of radiation for anoxic spontaneous mouse mam-

mary tumours (Suit) seen in relation to the prediction of survival curve for

anoxic mouse leukaemia cells irradiated in vivo (Hewitt and Wilson4). The

experimental points represent data additional to that published previously.

prediction from the survival curve for anoxic leukaemia cells in

vivo by Wilson and myself4), assuming that one or more surviving
cells are sufficient to cause failure of tumour control. The inter-

rupted horizontal line, indicating the surviving fraction required,
is based on Suit's estimate of the number of cells in his tumours.

The solid points are our experimental points for the leukaemia cells.

The departure of Suit's 50% tumour control dose from our pre-

dicted dose could result from a 10% error in the alignment of our

dosimetry, and it is to be noted that Suit's dose is described as the

minimum tumour dose _k 5%. The significance of persistent quies-

cent nodules of histologically normal-looking tumour tissue in

tumours which received 6600 rad up to 90 days previously, and
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which were probably controlled, is a suitable topic for discussion.

Kallman and TapleyJ) found that 4230 rad of 140 KV X rays in

a single dose gave 100-day control of 50% of unclamped spontan-

eous mammary tumours irradiated in mice hreathin_g _ir. (2Ja!cu!a-

tions similar to those made by Suit show that this value, too, con-

forms to the implications of a typical cell survival curve, if it is

assumed that the tumour contains a proportion of anoxic cells.

These authors also showed that, following a conditioning dose of

1120 rad, the subsequent dose required for 50% "cures" varied

with the time interval between fractions (Fig. 10). They have ex-
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Fig. 10. Per cent residual injury in spontaneous mouse mammary tumours at

intervals after a conditioning dose of 1120 rad. (Kallmann and Tapley.)

pressed their results in terms of "residual injury" following the first

dose. It is seen that residual injury is less after 2 days than after 4.

Sequential changes in the oxygen status of the cells surviving the

first dose might explain their results. The authors suggest that the

conditioning dose may cause the surviving cells to become tempo-

rarily blocked, after 2 days, at a hyperresistant phase of their divi-

sion cycles.

6. TUMOUR RESPONSE, FRACTIONATION, AND OXYGEN EFFECT

The papers by Du Saulte), by Van den Brenk and his collabora-

tors°), and by Thomlinson m) are all concerned with the oxygen

effect and with fractionation as they affect the response of tumours.

Du Sault, irradiating spontaneous mammary tumours with

6000 r in 6 fractions, found that the number of tumours "cured"

• '251
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rose from 13% for tumours irradiated in air to 38% for tumours

irradiated in 3 atm oxygen. One atm oxygen gave no advantage

over air (Fig. 11). It is probable that the author's "cure" rates

would have been lower had her mean follow-up period been longer

than 57 days. There is no doubt that the validity of tumour control

or "cure", as a radiobiological end-point, increases with the length

of the follow-up period.

38 °/.

13%

AIR

8%

MICE i

15 :m 45 _

PURE OXYGEN

Fig. 11. Effect of oxygen tension

in the respired atmosphere on the

cure rate of spontaneous mouse

mammary tumours. (Du Sault.)

Thomlinson m) measures the effect of radiation on his trans-

planted rat sarcomas, not in terms of cure rate, but in terms of

displacement of the growth curves of his tumours. He finds that

single doses of radiation become progressively more effective over

the range of conditions presented by anoxia, irradiation in air, and

irradiation in 3 atm oxygen. He also made observations which may

enable the proportion of anoxic cells in the tumours to be roughly

assessed: the advantage conferred by irradiation in high pressure

oxygen instead of in air was found to be altered in tumours which

had received a conditioning dose of 2000 rad in air I or 5 days

previously. However, the complexity of the situation is apparent

from Thomlinson's conclusion that the therapeutically optimum

time interval between fractions may be influenced by the growth

rate of a tumour and by the species.

Van den Brenk and his collaborators °) compared the effects of

a great variety of oxygen conditions and fractionation schedules for

the irradiation of Ehrlich tumours in mice. For a given total dose

of radiation, the effectiveness was increased over the range from

anoxia to high pressure oxygen; under all conditions of oxygena-
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tion, for a given total dose, cure rates were less for a fractionated

than for a single dose. Measurements of skin reaction were made
coincidently with the determination of cure rates, and these authors

were able to distinguish schedules with a favourable therapeutic

ratio. They reduced immunological influences in their system by
preliminary exposure of their mice to total body irradiation. They

did, however, find that a substantial degree of immunity had return-
ed within the period of their experiments. This may be reflected

in the fact that the 50% curative single dose for totally anoxic

tumours (4620 rad) was significantly less than that obtained by

Suit for spontaneous tumours (about 6000 rad). It is of great interest

that skin reaction was reduced by anoxia and increased by high

pressure oxygen, indicating that the ceils of this tissue in air are
not fully oxygenated, at least in anaesthetized mice.

7. Stun AND SKIN TUMOURS

I come finally to three papers which have this in common: the

authors present quantitative data for radiation effects in very com-

plex situations, from which they conceive inferences having far
reaching implications at a fundamental level. It is desirable to
scrutinize these inferences.

Fowler and his collaborators d) have determined the effectiveness

of fast neutrons, relative to 8 MeV X rays, using the skin of the
pig as the target tissue. For single doses of radiation the relative

biological effectiveness (RBE) was 2.5, but for 6 fractions in 18

days it was 3.3. This difference was not predictable from previous

work of two of the authors (Hornsey and SiliniS), using mouse

ascites cells irradiated in vitro. They found that neutrons and X

rays gave survival curves of similar shapes and that the RBE of
neutrons relative to X rays was 2.1 for irradiation of the cells in

oxygen and 3.6 for irradiation in nitrogen. The present authors

seek to explain the apparent discrepancy at a rather fundamental

level, and this, I believe, requires caution. We are more ignorant of
the physiology and pathology of the skin than of almost any organ

in the body. The reactivity of the skin is influenced by hormonal,

neural and emotional factors, and many skin lesions resembling

radiodermatitis occur which are of unknown aetiology. I should

have thought that the profusion of uncontrolled factors in this
system makes it unreliable for the elucidation of fundamental issues. !
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should like the authors to comment on my suggestion that the rise
of RBE associated with fractionation could result from induction

of anoxic conditions by the earlier fractions. My remarks should

not detract from the immense practical importance of these obser-

vations for the clinical application of neutron irradiation.

Fowler and Stern e) have set down iso-effect curves for 14 sets

of published data for the irradiation of human tumours or skin,

showing the rise in total dose required with increasing numbers of

fractions. Reasoning that the sparing effect of fractionation is large-

ly an expression of the Elkind phenomenon, they have deduced

that the relevant survival curve has an extrapolation number greater

than 10 or is convex upwards.

Munro k) finds that the curative dose level for human skin tu-

mours, as observed from general radiotherapy experience, is sig-

nificantly lower than we should expect from the predictions of

mammalian cell survival curves relevant to populations of cells

containing moderate proportions of anoxic cells. He suggests that

the discrepancy may disclose a regular and sizeable contribution

to cure from host immunity factors active against the autologous

tumours.

As a cancer research worker I feel bound to comment broadly

on these approaches, which take us into uncharted seas. In attempt-

ing to bridge the gap between radiotherapy experience and cellular

radiobiology we need to realize the limited precision of much of

the clinical data: tumour dose is subject to quite wide ranges be-

tween maximum and minimum values; use of prolonged fractiona-

tion almost certainly involves some selection of patients with large

or ill-defined tumours requiring large fields; failure of therapy

may involve recurrence at the boundary of the treated area; and

such is the slow growth rate of many clinical tumours that clinical

cure is far from being synonymous with radiobiological eradication.

Immunity to autologous tumours is a most debatable issue, even

amongst tissue immunologists; the postulation of host immunity

has always been a notorious device for conveniently accommodating

theory to practice in all fields of cancer research. For us, I feel that

it should be the very last resort.

The splendid experimental work with complex systems, which I

have reported here, has tended to confirm me in the bias to which

I confessed earlier. In our fundamental concepts of cellular radio-
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biology, as established in simple systems, I believe that we have forg-

ed a sharp and sturdy instrument for measuring some of the many

ill-defined physiological influences which distort the shape and

parameters of our typical survival curve.

REFERENCES

1) D. Morkovin and A. Feldman, Brit. J. Radiol. 33 (1960) 197

2) E. E. Deschner and L. H. Gray, Radiation Research 11 (1959) 115

a) E.J. Hall, L. G. Lajtha and R. Oliver, Brit. J. Radiol. 35 (1962) 388

4) H. B. Hewitt and C. W. Wilson, Brit. J. Cancer 13 (1959) 675

5) S. Hornsey and G. Silini, Int. J. Rad. Biol. 4 (1961) 135

DISCUSSION

R. OLIVER

Department of Radiotherapy, Churchill Hospital, Oxford, Great Britain

Fowler a) explained that it was the close similarity between the

relative biological effectiveness (RBE) for fast neutrons relative to

X radiation which they obtained for pig skin and that obtained by

Hornsey et al. 1) using ascites tumour cells (when due allowance was

made for the different qualities of X radiation used in these two

investigations) that led them to try to explain these results in terms

of each other. Their dose fractionation experiments for skin were

not undertaken as a fundamental investigation, but in connection

with the practical study of neutron therapy. However, it was of

interest to seek an explanation in terms of the results of radiobiology,

rather than leave them as empirical findings. They had used the

second phase of reaction at 40 to 100 days as this appeared to be less

variable than the early wave of erythema, and likely to be related to

structural breakdown of the skin - that is to cell depopulation.

Little was known about the variation of oxygenation of the skin

during a series of irradiations, and the effect might be opposite to

that suggested by the rapporteur. Therefore, at present, after con-

sidering the possible effect of oxygenation, they preferred to explain

the loss of effectiveness of dose due to fractionation in terms of the

smaller doses falling on the less efficient shoulder of the dose response

curve (as discussed in the rapporteur's report), the shape of this

curve varying with the radiation used.
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Hornsey i) stated that recent work by Vatistas (Athens, Greece)

and herself had given similar results to those of Corp and Mole a)

reported here. They used the death of the animal at 4 days, which
effect was related to damage to the dividing cells of the intestinal

villi. The LD 50 for a single exposure was 1300 rad compared with

a total dose of 1760 rad for two exposures separated by 6 hr. This
increase in the total dose was approximately the same for first

fraction doses between 600 and 1000 rad, but rather smaller when

a larger first dose was used. This result again suggests that doses
of less than 600 rad do not include the whole of the shoulder of

the cell survival curve.

Sui0) emphasised that the D 37 dose quoted by the rapporteur

was not measured, but only estimated from the tumour cure dose.

This calculation was complicated by uncertainty in the number
of viable cells in the tumour, in the extrapolation number for

their dose response curve, and in the relationship between the tu-

mour cure dose at any one time (e.g. 120 days) and the dose giving
a survival of less than one cell. Small nodules of about 1 mm dia-

meter had persisted up to 225 days, and on examination at 47 to
99 days after a dose of 6600 rad these had appeared to contain

foci of histologically intact tumour cells. The D 37 dose given at

present must, therefore, be regarded as a minimum value which

may have to be increased as the animals are observed for longer

periods of time.
Glinos*) explained that in their experiments the dose response

was studied for mouse L cells originating in both the lag and

stationary phases of growth in two ways - by observing the post-

irradiation population growth in replicate cultures, and by evalu-
ating the ability of single cells to form clones. With the former

technique, as observation was made at increasing times after irradia-

tion, the dose for 37% survival decreased linearly up to the fifth

post-irradiation division. After this, the D 37 remained constant at

about 250 rad, equal to that obtained with the clonal technique.
These results applied for both cell types, and are in agreement with

the inverse relationship between dose and the number of divisions

made by non-surviving cells reported by Elkind at another session

of the Congress.
As Radotic (Inst. Boris Kidrich, Belgrade, Yugoslavia) had found

elevated erythropoeitin levels in dogs after irradiation, he was con-
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cerned whether the doses given in Gurney's experiments might have

affected the erythropoeitin turnover. However, Gurneyg) explained

that the hyper-transfused animal is presumed to be able to deliver

oxygen in excess of any demand, and that as a result, the mechanism

of endogenous erythropoeisis is considered to be eliminated. In these

circumstances the response to a standard dose of erythropoeitin is

taken to provide a direct estimation of the integrity of the stem

cell compartment.

A number of discussants were interested in the time variation of

recovery (first demonstrated by Elkind et al. 2) as shown by changes

in the effectiveness of two split doses as the interval is varied. Cater

(Dept. Radiother. Univ. Cambridge, Great Britain) referred to diurnal

variation in many systems of cell proliferation of the mouse or rat,

and felt that the possible effect of partial synchrony of cell division

in the marrow should be excluded from the experiments such as

those of Till n) reported by the rapporteur, where a marked mini-

mum in the recovery cure was found with an I 1 hour interval. In

reply Till agreed that some synchronization within the cell cycle

could exist and this could possibly be investigated. However, he

pointed out that there was no cell multiplication between the two

doses in the conditions of his experiments. Further, Berry (Churchill

Hospital, Oxford, Great Britain) reported that in experiments with

mouse transplantable leukaemia, he had obtained similar discon-

tinuous recovery curves of this type for irradiations carried out

both during the day and the night, providing no suggestion of an
diurnal variation.

Alper ( MRC, Hammersmith Hospital, London, Great Britain) pointed

out that in the tissue culture experiments recovery was minimal

at about the end of the lag period and according to Elkind the

delay in division which was produced was proportional to dose,

corresponding to about one tenth of a generation time per 100 rad.

In Kallman's experimentsJ) a dose of 1100 radwas used so the delay

might be about equal to the generation time. Kallman agreed

with this suggestion, which fitted their data as their peak resistance

(minimum recovery) occurred at about 2 days, with a generation

time for their spontaneous mouse tumour cells of between 1 and 4

days. He believed that the same type of reasoning could explain
Till's results referred to above.

Read (Wakari Hosp., Dunedin, New Zealand) drew attention to
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the fact that the shapes of the survival curves for mammalian cells

irradiated in tissue culture are very similar to those which describe

the induction of dominant lethals in Drosophila or wasp eggs or

in mouse sperm. A theory for this induction was proposed by

Catcheside and Lea a) some 20 years ago, and elaborated later by

Haldane and Lea. They supposed that isochromatid breaks with

rejoining of sister chromatid ends were produced in proportion to

the dose and were lethal, this effect determining the initial shape

of the curve. All other chromosome breaks were assumed to rejoin

- eucentric arrangements being viable whilst di- and meta-centric

arrangements proved lethal. This second effect then determined

the ultimate shape of the curve. It seemed that this theory should

be considered as a possible explanation for the shape of the mam-
malian cell survival curves also.

Elkind (Nat. Cancer Inst., Bethesda, USA), asked to reply on this

subject, said that he was familiar with this work and would like to

think that it could offer a general explanation of the type of survival

curve obtained in tissue culture. But he pointed out that there ap-

peared to be no clear relationship between chromosomal damage

and survival. The experiments of Till 4) for instance had shown

essentially the same survival curve for lines of mouse L-cells with

average chromosome numbers varying by a factor of two. Read

agreed that the implications of this theory for various chromosome
numbers should be considered further but it must be remembered

that many of the cells concerned are aneuploid.

This relationship between chromosome damage and cell survival

data is obviously of great importance in radiobiology and should

always be born in mind by workers in both fields.
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i. INTRODUCTION

From a strictly chemical view point an added chemical substance

can only be said to protect if it reduces the total amount of chemical

change that occurs as the result of irradiation; i.e. transfers energy
from a radiosensitive to a radioresistant molecule. In its relation

to radiobiology, however, the term "chemical protection" is ap-
plied if an added substance reduces the extent of the radiation

induced alteration of a particular material under investigation, and

in model systems of the type to be discussed in this session protec-
tion is therefore synonymous with the behaviour of mixtures.

Protection of living systems against ionizing radiations was first

demonstrated with mice by Patt and by Bacq and subsequently

the phenomenon has been demonstrated at all levels of biological

organisation. The biological data is consistent with the hypothesis
that chemical protection occurs at the stage of the primary chemical

lesion; that is, the protector increases the dose needed to attain

the degree of radiochemical damage necessary to initiate the long

chain of events which lead to the observed biological end effects.
In wet systems such as vegetative cells, the primary chemical lesion

is established within a fraction of a second of the uptake of energy.

In relatively dry systems (e.g. seeds, and sperm heads of fish) steric
factors prevent the rapid interaction of free radicals and the chem-

ical reaction which constitutes the primary lesion may not be estab-

lished for some time and this makes relatively dry systems conve-

nient for studying mechanisms of protection. The group of papers

presented in this session are concerned with the large variety of
mechanisms by which protection can occur in model systems. For

simplicity, these mechanisms may be divided into two broad cate-

gories (i) prevention of chemical reaction from occurring in the target

molecule; this can be achieved by competitive removal of radicals

formed in water before they have had an opportunity to react, or by

energy transfer. (ii) Reaction of the protector with the target mole-
cule after this has been converted into a radical, but before it has

undergone the further chemical changes necessary for irreversible

damage: this we call repair. Some of the papers provide us with
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a guide for determining which, if any, of these reactions apply

when protection occurs in living systems.

2. PROTECTION IN DILUTE AQUEOUS SOLUTIONS

The pioneer investigations of Dale demonstrated that added mate-

rials, in particular those containing sulphur, increased the dose of

radiation needed to inactivate enzymes in dilute solution and he

suggested that this occurred by competitive removal of the free

radicals such as OH. which were responsible for the inactivation.

In many cases however, Dale z) and others 2) found that the extent

of protection was not related to the concentration of the protector

in the expected manner and suggested that other reactions might

participate. The papers in this session provide ample support for
this view.

The paper by Kalkwarf f) supplies essential basic information

about the relative rates of reaction of amino acids and sugars with

radiation produced OH. radicals. The values shown in Table 1

TABLE 1

Relative rate constants for reactions with OH" radicals

Relative Relative rate

Compound rate constant Compound constant

Tryptophane (6.3 4- 0.3) × 10 -1 Methionine (5.7 i 0.6) × 10-z
Cystine (5.2 4- 0.6) x 10 z Tyrosine (4.7 4- 0.4) × 10-1
Phenylalanine (4.6 4- 0.4) X 10-1 Histidine (3.3 4- 0.4) × 10-1
Cysteine (2.1 i 0.4) × 10-1 Leucine (1.33±0.06) × 10-1
Valine (1.1 4- 0.1) × 10 z Arginine (1.1 4- 0.8) × 10 z
Glutamic acid (8.6 4- 0.2) × 10.2 Lysine (5.0 4- 0.7) × 10.2
Threonine (3.4 4- 0.5) × 10 -`2 Serine (2.5 -4-0.2) × 10 -2
Proline (2.4 ! 0.2) × 10-2 Alanine (4.8 4- 0.2) × 10.3
Aspartic acid (3.0 4- 0.9) X 10-a Glycine (8.3 zk 0.2) × 10.4

Glucose (1.1 4- 0.1) × 10-1 Fructose (1.5 i 0.2) × 10-z
Galactose (1.8 4- 0.2) × 10-I

were obtained by comparing the rate of bleaching of an aqueous

solution of a triphenyl methane dye by OH- radicals produced by

Co _° ?J rays. The rate of reaction of different organic substances

with OH- radicals varies very greatly. Amongst the amino acids

there is a factor of 1000 and the sugars react as rapidly as the most

reactive amino acids. The rate constant for macromolecules is very
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TABLE 2

Relative rate constants for reactions with OH- radicals
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Relative rate constants

Estimated Observed

Bovine serum albumin

Bovine haemoglobin

Polysaccharide lagarose

87 6.0 -4- 2.0

57 6.2 ± 0.2

1.8 × 10 -1 2.1 × 10 -2

much less than that to be expected from its constituents, see Table 2,

and Kalkwarf attributes this to the inaccessibility of many groups

due to folding and other steric factors.

Knowing these relative rate constants, it can now be decided

whether in a particular system protection occurs by competitive

removal of OH. radicals or by some other mechanism. Kalkwarf,

see Fig. 1, has shown that the ability of different substances to
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Fig. 1. Haemolysis of red blood

cells at 37°C plotted against time

in minutes after irradiation in the

presence of protective substances.

(Kalkwarf.) 1. Irradiated control.

2. Valine (Kp/K = 0.11). 3. His-

tidine (Kp/K = 0.33). 4. Tryp-

tophane (Kp/E = 0.63). 5. Erio-

glaucine (Kp/E = 1.00). Curves 6,

7 and 8 represent unirradiated

controls in which the red cells

were treated with histidine, erio-

glaucine and valine respectively.

protect red blood cells against haemolysis runs quite parallel with

their relative rate of reaction, i.e. Ep/K with OH. radicals and the

conclusion seems warranted that in this case protection takes place

by preferential reaction of the protector with OH- radicals.

On the other hand, for the system studied by Charlesby and

Kopp b) we can conclude that protection does not occur by removal

of OH. radicals. These authors have studied the influence of a large
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number of additives at low concentrations of the order of 10 -4 M

on the conversion of solutions (usually 5%) of the water soluble

polymers, polyvinyl pyrrolidone and polyethylene oxide into a gel.
This reaction is known to be due to crosslinking a) ; presumably the

OH. radicals formed in water abstract hydrogen from the polymer

molecules, RH, to give polymer radicals

RH+ OH" _R'+H20

R-+R. _R--R

which interact to form crosslinks. The solution sets to a gel when,

on average, one crosslink has been formed for every molecule of

polymer present. Alexander and Charlesby 3) observed powerful

protection by low concentration of thiourea and cysteamine and

concluded that this occurred by a repair mechanism4), to which I

will refer again later, and not by reaction with OH. radicals. In

Table 3, is a selection of part of the data by Charlesby and Kopp

which shows the amount of protection offered by those compounds

for which Kalkwarf had determined relative reaction rates with

OH-radicals. It is immediately apparent that protection in this

polymer system is not correlated with reactivity with OH. radicals.

TABLE 3

Comparison of protection of 5% polyvinyl pyrrolidine against crosslinking with

relative rate constant for OH. radicals

Protector

Dose reduction factor

for crosslinking at

10 -4 M concentration

Relative rate constant

for reaction with OH.

radicals

Cystine 2.0 5.2 × 10 -1

Cysteine 1.9 2.1 × 10 -1

Methionine 1.15 5.7 x 10 -1

Histidine 1.15 3.3 x 10 -1

Tyrosine 1.0 4.7 × 10 -1

Tryptophane 1.1 6.3 × 10 -1

Glycine 1.1 8.3 × 10 -4

Valine 1.2 1.1 × 10 -1

Serine 1.1 2.5 × 10 -2

Glucose 1.0 1.1 × 10 -1

Colloidal sulphur 2.9 --

The paper by Hills, Johnson and Restall e) also illustrates the

complexity of protection against the indirect action of radiation.
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These authors made a detailed study of the effect of high doses

(2.5 × 106 and 10 v rad) of _, rays on aqueous solutions of glucose

(either 5% or 10%) their object being to prepare sterile solutions

for medical use. They followed the alteration of glucose by meas-

uring its optical activity in a polarimeter and by appearance of

acidity. The apparent G value (number of molecules changed for

every I00 eV absorbed) tbr destruction of glucose based on loss of

optical activity was 3.6 and that for acid production (i.e. appear-

ance of hydrogen ions) was 1.3. Some added substances protect

very effectively, but the surprising feature is that the relative order

of effectiveness of the various compounds is quite different whether

acid production or loss of optical activity were chosen as the criterion

for damage, see Table 4. The authors put forward no chemical
mechanisms for their results. It seems to me that removal of OH.

radicals by the agent shown in the table is unlikely to be responsible

for protection since (i) protective capacity does not parallel rate

of reaction with OH. and (ii) glucose has a high rate of reaction

with OH. so that additives at much lower concentration (e.g. 1/50th)

are most unlikely to compete effectively for OH. radicals. The pro-

tection found with relatively high concentrations of sodium iodide

TABLE 4

Protection of 5% glucose by additive

Dose reduction factor based on

Protective agent Change in optical

rotation

Acidity formation

Diethyl dithio carbamate 1.0 14

Sodium citrate 1.1 enhanced

Sodium dihydrogen phosphate 1.4 enhanced

Urea 1.6 1.2

Ascorbic acid 2.1 5.2

Sodium lactate 2.1 2.1

Thiourea oo 25

Cysteamine cxz --

and sodium chloride can probably be ascribed to reaction of these
anions with OH. radicals.

Flemminge) reports a reaction in which the addition of cysteine

potentiates. He finds on irradiation of dilute (5_× 10 -3 M) solutions

of the amino acids histidine, phenylalanine, tyrosine and trypto-
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phanewith 6× 105r of X raysthat verysmallquantitiesof the
correspondingamines(i.e. histamine,etc.) are formed.Table 5

TABLE 5

Formation of histamine by irradiation of 0.05% histidine with

6 x 105r of X rays

Irradiation condition /_g/ml histamine Apparent G

(histamine)

Solution saturated with Oz

Solution saturated with air

Solution saturated with nitrogen

Solution saturated with air -t-

3 × 10 -a M cysteine

Solution saturated with nitrogen +

3 × 10 .3 M cysteine

0.6 0.01
1.4 0.02
2.5 0.04

7.8 0.13
28.0 0.45

shows the amount of histamine that is formed and I have calculated

an apparent G value, but it must be emphasised that no informa-

tion is available about the dose or concentration dependence of

this reaction which represents only a very small fraction of the total

amount of the amino acid changed by radiation. This decarboxyla-

tion reaction is greatly enhanced by a combination of anoxia with

added SH compounds, and Flemming postulates that the conver-

sion of the amino acid to the amine proceeds via the imino acid.

The first oxidation step may be brought about by OH. radicals

while the second step- the reduction- is brought about by SH

compounds.

oxidation -CO2 reduction

R.CH-COOH---_ R-C.COOH + R.CH -- _ R'CH2

eg. by OH. spontaneous eg. by SH
or H.

NH2 NH NH H2N

amino acid imino acid imine amine

The paper by Nakken i) on the effect of X rays on several mem-

bers of the B-vitamins in dilute solution has important implications

both for radiation chemistry of organic compounds and for pro-

tection. Unfortunately I can deal only with the latter aspect in the

time available. The degradation of all the vitamins studied was

shown to be due to OH. radicals. From the protection offered by

9,)
w
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these vitamins to pyridoxal-5-phosphate, the relative rates of reac-

tion of these compounds with OH. radicals could be calculated:

see Table 6. A value for the powerful biological protective agent

TABLE 6

Rate of reaction of test substance with OH.*

Rate of reaction of pyridoxal-5-phosphate with OH.

Nicotinic acid 0.4

Pyridoxal-5-

phosphate 1.0 (by definition)

AET 1.1

Pyridoxine 1.3

p-amino

benzoic acid 3.1

* For reaction in solution containing dissolved oxygen.

AET (&fl-aminoethylthiouronium BrHBr), was also obtained and

its position in this table has a direct bearing on the mechanism of

protection of cells to which I will refer again later.

Of particular interest is the observation that the destruction of

all the vitamins except nicotinic acid is greatly enhanced by the

presence of oxygen during irradiation, see Table 7. Yet O2- or HO2"

TABLE 7

Influence of oxygen in destruction of vitamins

Rate of destruction in air

Rate of destruction in nitrogen

in air

G{-vitamlne)

Nicotinic acid 1.1 1.2

Pyridoxal-5-phosphate 2.2 2.4

Pyridoxine 2.2 2.6

p-amino benzoic acid 6.0 0.9

Folio acid 2.2 1.1

radicals cannot be involved because the yield of hydrogen peroxide

is that obtained from irradiation of aerated water without any
other solutes. Nakken believes that the destruction of the vitamins

(HB) is solely due to OH. radicals and that oxygen intervenes as
follows:

HB6 + OH. -+ B6,k+. H20 ;

2 J6



262 P. ALEXANDER

B6" can either break up or react with H. radicals, which are formed

radiolytically from water in the absence of oxygen.

B6" + H. _ HB6 (H. radical induced back reaction).

In the presence of oxygen the back reaction is prevented by

B6" + 02 --_ B602" --_ breaks up.

This reaction scheme is very interesting as it has some similarities

with the process referred to as protection by repair4) to which
reference will be made later.

3. ENERGY TRANSFER

A method of protecting against the direct action of radiation is by

processes which occur extremely rapidly after the passage of the
ionizing particle and which funnel energy away before there has
been time for a chemical reaction such as radical formation to

occur. Reactions of this type are known as energy transfer; they
have been shown to occur in the solid state 5) both at room and at

very low temperatures6), under conditions where the recipient of

the energy (i.e. protective substance) must be, on a molecular

scale, far away from the site of energy deposition.
I now have to review three papers dealing with energy transfer

in mixtures of organic liquids where the "protecting" molecule
can come into collision with the molecule that has been ionized

or excited. Stone and Dyne k) have reinvestigated the effect of the
addition of benzene on the radiolysis by Co 6° y rays of cyclohexane.

Manion and Burton7), who first studied this system, observed that

the radiolysis products ofcyclohexane were reduced in the presence
of small amounts of benzene which they concluded protected by

energy transfer. Recently, several groups of investigators have

questioned this interpretation and have suggested that the energy
from the cyclohexane is not transferred to the benzene where it is

dissipated without reaction, but that the benzene interacts with
radical intermediates (e.g. scavenges hydrogen atoms). Stone and

Dyne have determined quantitatively both the products formed
and the rate of disappearance of cyclohexane and of benzene. In

addition they have tested for "chemical" interaction by irradiating

deuterated benzene (C6 D6) with ordinary cyclohexane and analys-
ed for C6HsD.

The results from this most thorough study seem unambiguous.
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The G value of all the principal radiation induced reactions of

cyclohexane is reduced equally by the addition of benzene and the

magnitude of this effect increases regularly as the amount of ben-

zene present is increased. The amount of benzene destroyed is quite

insufficient to explain the protection by chemical interactions, such

as scavenging of radicals, unless a series of reactions of the type occurs:

C6H12 _ C6Hll- + H.
(cyclohexane) (initial radicals formed

on irradiation)

C6H0 + H" --_ CsH_-
C6Hl1" + C6H7. -+ Cell0 + COH12

(radical from
cyclohexane)

However the possibility that benzene successively reacts with both

primary radicals has been decisively eliminated by the experiments
with deuterium.

The physical mechanism of the energy transfer processes involved

here remains unresolved. The first step will be to determine whether

ionic processes such as charge or electron transfer are involved.

5
H2

,4

2

i

o

20_

\_,, CH3CHO

10 _'_

0 I I I I "_'"

0 2 4 6 8 10

EbxlO

Fig. 2. Effect of benzene on the

yield of H2 and CH3CHO from

irradiated liquid ethanol. (Myron

and Freeman.) Eb is the electron

fraction of benzene. The filled

point on the H2 curve refers to the

initial yield of H2 in pure ethanol

and the point at G = 4.33 repre-

sents the yield of H_ in pure

ethanol at the doses used in this

experiment.

Generalizations cannot, however, be made in the complex situa-

tion of the irradiation of mixtures, as is shown by Myron and

Freeman h) in their investigation of the influence of small amounts
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of benzene on the radiolysis of ethanol. Fig. 2 shows that benzene

is much more effective in reducing the yield of hydrogen than of

acetaldehyde. The yields of methane and ethane are reduced to

about the same extent as acetaldehyde, but the amount of ethylene

is hardly affected at all. To interpret these data, the mechanism

for the decomposition of ethanol by 6°Co V rays has to be known

and Myron and Freeman provide an exhaustive analysis of the

products formed. There is no time to deal with their discussion of

the many reactions which occur except to indicate their conclusion

that the sequence of reactions below make an important contribu-
tion.

CHaCH2OH _A_ CHaCH2OH + + e (primary act)

CHaCH2OH + 4- CH3CH_OH -+ CHaCH2OH2 + 4- CHaCH20

CHsCH2OH_ + 4- e --+ CHaCH2OH 4- H

H 4- CHaCH20 --+ H2 4- CHaCHO

In this system benzene protection would not seem to be confined

to energy transfer at the level of the primary act, but that capture

of hydrogen atoms contributes.

Goodman and Steigman d) have obtained convincing evidence for

energy transfer via excited states (i.e. not ionic or electronic) in a three

component system involving polymerization. Benzene did not have

any influence on the rate of polymerization of styrene (i.e. neither

sensitized not protected) but a number of scintillators (e.g. anthra-

cene and p-terphenyl) protected. Since thermally induced polymer-

ization was not protected against by these compounds, an energy

0.69 / r

032 t,-----_
100O/oSTYRENE 1QQ°/oBENZENE

SOLVENTCOMPOSITION

Fig. 3. Predicted dependence of

G (R styrene) on solvent com-

position in the p-ter-phenyl-ben-

zene-styrene system. (Goodman

and Steigman.) Curve 1: system

with no p-terphenyl. Curve 2:

system containing 1.0 g/1 p-ter-

phenyl.

transfer process and not reaction with styrene radicals must be

involved in the protection against radiation. In luminescence ex-

periments, it had been shown that energy absorbed by benzene

could be transferred to styrene in the presence of terphenyl. Con-

239
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sequently one would expect first protection, and then sensitization

in a three component system made up of a constant but low amount

of p-terphenyl and variable amounts of styrene and benzene. Fig. 3
shows the predicted values for the yield of styrene radicals (deriv-

ed from polymerization). The G value should be reduced (i.e.

protected by terphenyl) if there is little benzene because energy

transfer from styrene to p-terphenyl predominates. The G value

should be enhanced if there is much benzene because of energy

transfer from benzene to styrene via p-terphenyl which is an essen-

tial intermediate. Considerations of the energy levels of the excited
states explain why the sensitization phenomenon is not seen with

anthracene which, however, protects.

4. REACTION OF _PROTECTOR" WITH AN INTERMEDIATE RADICAL

In many radiochemical reactions whether initiated by direct or by
indirect action, loss of a hydrogen atom to give a free radical is an

essential first step (i.e. RH -+ R.) in a series of successive reactions

which lead to chemical change necessary for loss of biological activ-
ity. Alexander et al.3, 4) concluded from kinetic data that preven-

tion of radiation induced crosslinking in aqueous solutions of poly-

mers by sulphydryl compounds occurred by this reaction, and Or-

merodJ) has now obtained direct proof for this mechanism in the
protection by cysteamine of DNA when irradiated as the nucleo-

protein complex of salmon sperm heads, which consist of 65%

DNA and 35% protamine. Under conditions where direct action

predominates, irradiation of DNA or sperm heads leads to cross-
linking and this is prevented by the addition of cysteamine.

On irradiation DNA gives a characteristic ESR signal and exactly

the same spectrum is obtained from sperm heads when presumably

energy transfer from the protein to the DNA takes place6). Ormerod

examined the influence of cysteamine on the ESR signal of irra-

diated sperm heads. At the temperature of liquid nitrogen the ESR

spectrum of sperm heads is the same in the presence and absence
of cysteamine, but on standing at room temperature characteristic

differences appearS). Firstly, the DNA signal decays more rapidly in

the presence of cysteamine. In the absence of cysteamine the dis-

appearance of R. can be correlated with the appearance of cross-

links (i.e.R. + R. -+ R--R), while in the presence ofcysteamine
this is no longer the case. Secondly, on standing, a new spectrum
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appears never seen without cysteamine, situated to the left of the

R- signal. Fig. 4 shows the rate of appearance of this new radical

expressed as G values in sperm heads containing different amounts

of cysteamine. The work of Kurita and Gordy 9) has established

that the ESR spectrum of a --S. radical corresponds to the new

spectrum seen in sperm heads with cysteamine.

03

O

/_ ._ //1t
01 / I"

set .-

i i

10 102 103 104 105
DOSE (rGd)

Fig. 4. The build-up of P. type free radicals at room temperature in sperm head
irradiated at -- 196°C. (Ormerod.)

-- O- spermheads plus 1% cysteamine
--Z_-- spermheads plus 5% cysteamine
-- 0-- spermheads plus 10% cysteamine.

Quantitative considerations rule out the possibility that the new

signal in the sperm heads is merely due to the irradiation of the 1 to

10% ofcysteamine present. The fact that this new radical which is

identified as being --S- appears slowly shows that it is formed in a

post-irradiation reaction and cannot therefore be due to irradiation

of the cysteamine. The ESR data coupled together with the observed

prevention of crosslinking by cysteamine indicates that

R. 4- NH_C2H4SH -->RH 4- NH2C2H4S.

repaired
DNA

A repair reaction comparable to that observed with DNA also

occurs in proteins. When dry salmine is irradiated, a typical radical

is obtained which persists unchanged for many days at room tem-

perature in the absence of oxygen. When salmine is mixed with

cysteamine then the typical irradiated protein spectrum slowly dis-
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appears on standing and a new S. type spectrum appears (Fig. 5).

The reaction R- + PSH _ RH + PS. appears to occur in proteins

(P) in the same way as in DNA, except that in proteins the repair

is not in competition with a crosslinking reaction_ i.e. the protein

radical is much more stable than that for DNA at least if oxygen
is excluded.

1.O
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O- 0 [] 121 0 0
o8 _--_ ............... -_'-'l_'--"_'--xr ........
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\
\
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10 10 2 10 3 10 4 10 5

TIME IN MINUTES

Fig. 5. The decay of R. type free radicals at room temperature in salmine irra-

diated at -- 196°(3. (Ormerod.)

• --. []--,-- salmine only.

--0-- salmine plus 1% cysteamine

--Z_-- salmine plus 5°/o cysteamine.

Reaction with the intermediate radical may appear as protection

even though it is not repair when a particular end effect is prevented

without however restoring the molecule to its original state. This

is well illustrated by Charlesby and Garratt a) who have investi-

gated the mechanisms by which several added substances prevent

the crosslinking (i.e. conversion into a gel) of the polymer dimethyl-

siloxane;

CHs CHa

I I
--Si--O--Si--

I I
CHa CHa

'>7 '>
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This material is a thick oil of 26000 molecular weight. The gel

point, when there is, on average, one crosslink per molecule, is
reached at 7.8 Mrad and from this it is concluded that one cross-

linking centre (e.g. an R- radical) is formed for every 21 eV (i.e.

G = 4.6). The crosslinking reaction is accompanied by gas forma-

tion, principally methane (G = 1.15) and hydrogen (G = 2.0).
Benzophenone at a concentration of 0.1 moles/l of polymer doub-

les the dose of radiation needed to crosslink and also cuts down the

evolution of hydrogen, but does not affect the evolution of methane.

Iodine is a much more efficient protector and at 0.005 moles/1 doub-
les the dose needed to produce a gel and with higher doses the

protection is still more marked. But iodine does not alter the amount

of gas produced.
Anthracene surprisingly does not influence the dose needed to

reach the gel point, but disappears as such from the system with a

G value of 2.5 based on the total energy absorbed. If the polymer
did not interact with anthracene then a G value of less than 10-4

would be expected with the concentration of anthracene used.
The authors conclude that energy transfer is not involved in the

interactions between any of these three substances and the polymer.

They interpret the observed protection as follows:

RH _ R.+H.

H.+ RH-> R.+H2

R. + R. _ R--R (crosslink).

Benzophenone captures H. and thus reduces evolution of hydrogen
and cuts crosslinking efficiency to one half. Iodine reacts with R.

and the product formed can no longer crosslink; it has to be postul-
ated that iodine does not react with H. because H2 evolution is
unaffected.

Anthracene(A) reacts with R. and the radical formed RA. is still
capable of forming crosslinks of the type RAR or RAAR. Conse-

quently, there is no reduction in the rate of crosslink formation and

the dose needed to gel is unaffected by the presence of anthracene.

A difficulty of all these suggested mechanisms is that both with
and without additives the dose needed to gel the polymer is in-

dependent of dose rate in the range of 9.2 × 104 to 6.2 x 105 rad/min.

This imposes severe restrictions on the possible mobilities and life times

of the radicals involved. At the present, none of these mechanisms
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can be considered as established and there is clearly much to learn
about the reactions involved.

Perhaps the most remarkable aspect of the investigations by

Charlesby and Garrett with dimethyl-siloxane and by Charlesby

and Kopp in the polymers in aqueous solutions is that like Dalea),

they find colloidal sulphur extremely effective as a protective agent.

A concentration of 8 × 10 -5 g atoms per liter in the form of a col-

loidal suspension doubled the dose needed to gel a 5% solution of

polyvinyl pyrrolidone and the comparable figure for dimethyl-

siloxane is 10 -4 g atoms. From such figures it can be readily com-

puted that each sulphur atom prevents approximately ten cross-

links from being formed; and it must be remembered that the

sulphur is present in colloidal aggregates containing hundreds, if not

thousands, of atoms many of which are sterically inaccessible. This

high efficiency of sulphur points to the occurrence of some chain

reaction, but the authors have not suggested a mechanism.

5. IMPLICATIONS OF THESE RESULTS FOR MECHANISMS OF BIOLOGICAL

PROTECTION

Nakken points out that the OH. radical scavenging ability of the

B-vitamins is greater than that of AET, yet these vitamins are

unable to protect E. coli. While Kalkwarfhas found that the rate of

reaction with OH. radicals parallels protective ability against haem-

olysis of red cells, many of the substances he has found most reac-

tive are known not to protect dividing cells against death by X

rays even though compounds like tryptophane would be expected

to penetrate into cells. Polycyclic conjugated systems are the most

efficient energy transfer agents, but none of them have protected

cells in vivo or in vitro. Considerations such as these suggest that

combination of the protective agent with a target molecule after

it has been converted into a radical is the most likely mechanism

for protection by SH compounds and for the role of oxygen in

radiobiology (cf. Bacq and Alexanderi0)). Both Nakken and Or-

merod in their papers state that their data support this deduction.

The direct experimental evidence for repair in a nucleoprotein

by low concentrations of SH compounds greatly strengthens the

hypothesis first proposed some years ago by Bacq and Alexander,

but based at the time only on experiments in model systems (ref. 4)).

The hypothesis was that in vegetative cells, repair by SH and peroxi-
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dation by dissolved oxygen compete for reaction with the "target"

radical. The oxygen effect at the cellular level is then seen as a

consequence of the prevention of repair by peroxidation. Added

SH compounds protect ceils in the presence of oxygen because the

the SH concentration is now sufficient to compete with the oxygen

for R. whatever this may turn out to be, protein, nucleic acid,

phospholipid. This reaction scheme may be written:

R"

Target site

after uptake

of energy or

reaction

with OH-

R--R

•¢ f cross linking or

,_o_ other relatively

/_ slow process

/J/'e_

_" RO2" ---> decomposes

Target
irreversibly
changed so
as to initiate

biological
change in
cell.

Cellular SH compounds repair the majority ofanoxic damage because
reaction

R.+--SH_ RH+--S.

occurs more rapidly than does R. + R. -+ R--R or other inactivi-

tion reactions. But in the presence of oxygen, R. + 02 -+ RO'2

occurs more rapidly than repair and only if SH compounds (i.e.

protective agents) are added at high concentration can "oxygen"

damage be prevented.

The existence of repair by physiological agents can explain the

sensitizing action of oxygen and the much greater degree of protec-

tion provided by SH substances to oxygenated than to anoxic

systems.

This interpretation has been adopted by Howard-Flanders to

explain his data and this is discussed in the next session.

In conclusion I must deal inadequately with a paper of great

practical importance which concerns the reverse of protection.

Malhotra and Reberg) have studied the nutritional value of meat
which had been sterilized with 5.5 × 106 rad. Weanling rats fed

a diet of which this meat formed the major part died within 8 to

14 weeks from a haemorrhagic disease due to vitamin K deficiency.

This was prevented by the addition of 3/_g vitamin K three times
a week to the diet. When methionine was also added then 1 to 2 #g
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of vitamin K was sufficient. If there had been no interaction with

the other constituents of the meat, then a dose of 5.5 × 10 6 rad

would have destroyed only about 1% of the vitamin K and meth-

ionine content. These feeding experiments show that the destruction

must have been much greater and these substances must therefore

have taken part in the kind of reactions considered earlier in this

report under the heading of protection. Energy deposited in con-

stituents of the meat, other than the vitamin, must have caused

destruction of the vitamin K and methionine, though at the present

time the mechanism by which this has occurred is not known.

Indeed, one man's meat is another man's poison!
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DISCUSSION

R. C. PITKETHLY

Petroleum Division, BP Research Centre,

Chertsey Road, Sunbuty on Thames, Middlesex, Great Britain

In reviewing the paper by Malhotra and Reberg), the rapporteur

had brought out the similarity of the destruction of vitamins in

irradiated food to the process of protection. However, the results also

have considerable importance in experimental nutritional or other

work involving feeding and irradiation. In order to draw attention

276



272 e. ALEXANDER

to this aspect, Reber contributed additional information on three

points.

First, it had been suggested in their paper that the male rat was

protected against haemorrhages when vitamin K was added to the

diet in sufficient quantities to overcome a 50% loss following irradia-

tion and that methionine must be added to compensate for a 27%

loss following irradiation. The losses of vitamin K on irradiation

varied from 1% in the system described by the rapporteur to 50

to 85% in beef as reported by other workers, and are still being

investigated. It was reported in 1955 that, during the process of

mixing rations, more vitamin E was destroyed when irradiated beef

was mixed with the other ration components in comparison with

non-irradiated beef. This indicates the presence of substances, possi-

bly autoxidized lipids, which destroy vitamin E. Second, this haem-

orrhagic disease occurs only in male rats. It was not possible to

produce it in female rats or male cats and dogs. Third, in feeding

irradiated beef to rats the practice of coprophagy, which normally

supplies vitamin K, no longer takes place. This suggests that one

should consider the possibility, when substances produced by radia-

tion are taken into the body, that vitamin requirements may increase

and, if these are not present in sufficient quantity in the diet, physio-

logical aberrations might occur.

Goodman a) reported that the prediction in his paper that in-

creasing benzene content in a mixture containing styrene and a

small constant proportion of p-terphenyl would first cause protec-

tion and then sensitization had not been fully confirmed by recent

experiments. The sensitization does not occur. Instead, the in-

crease in styrene radical yield which occurs up to 2½% benzene,

appears to be due to inhibition by benzene of the protective effect

of terphenyl that normally occurs in pure styrene monomer. Pos-

sibly styrene can quench luminescence due to a benzene-to-terphenyl

energy transfer by a preferential benzene-to-styrene transfer which

does not result in formation of styryl radicals. However, the ques-

tion why benzene inhibits the protection due to terphenyl but not
that due to anthracene remains unanswered.

Glubrecht, (Inst. Strahlenbiol. T.H. Hannover, Germany) suggested

that radioactive labelling would be a valuable technique to use

in the study of radiation protection and asked whether any such

work had been done with S 35 labelled materials. Koppb), reported
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some preliminary protection experiments using C 14- or SaS-labelled

thiourea in aqueous polymer systems made with the object of deter-

mining the kinetics of the protection reaction and gaining informa-
tion on the fate of the additive. It was found that both C and S

parts of the thiourea molecule were incorporated into the polymer.

The amount incorporated was proportional to dose until the thio-

urea was consumed. Thereafter, crosslinking started and proceeded

as for the unprotected polymer. More detailed studies are in pro-

gress using labelled thiourea, and colloidal S a5 in aqueous polymer

solutions, in pure liquid organic polymers and in solid polymers.

Hutchinson, ( Biophys. Dept. Yale Univ. Conn., USA) asked Kalk-

warf to discuss the possibility that his results did not necessarily
give the relative reactivities of the substances to OH. radicals be-

cause the observed products might result from a series of reactions

with several intermediates. Kalkwarff) agreed that the radiation

chemistry of compounds in aqueous solution was complex but main-

tained that the relative rates quoted were those of the very first
steps in a fairly complicated mechanism. The results related to a

competition between the dye, which was the reference compound,

and the various amino-acids in the initial stages of reaction where

there was little destruction of any reactant.

Bach (Acad. Sciences, Moscow, USSR,) commented on the question

of energy transfer from cyclohexane to benzene. Voevodsky 1) and

his collaborators have irradiated a synthetic hydrocarbon containing

both cyclohexyl and phenyl groups. They have shown by the ESR

method that when a phenyl group is present in the molecule, the

G value for cyclohexyl free radicals decreases so markedly that in

practice only radicals from the benzene appear. This seems to be

rather direct experimental evidence that there is energy transfer.

A warning and a plea for work on hydrocarbon systems other

than benzene-cyclohexane was made by Miss Nosworthy (Phys. Dept.

Guy's Hosp. London, Great Britain). She suggested that, while the

study of energy transfer in benzene-cyclohexane was valuable, other

hydrocarbon systems should also be studied. In some work on

scintillator solutions with which she was associated at the Univer-

sity of Notre Dame it was found that the observed luminescence

intensities could be explained by energy transfer from a non-

aromatic to an aromatic solvent. Simple kinetics gave quantitative

agreement in most cases, including the n-hexane-benzene system.
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However, with benzene-cyclohexane and some other mixtures con-

taining rather flat, ring molecules, if a simple energy transfer were

responsible for the observed intensities it would be necessary to

assume a higher rate of transfer when the aromatic solvent was

present in concentrations of a few per cent. This suggested that

special molecular interactions occurred in benzene-cyclohexane
solutions.

Flemminge), said that in his paper, in addition to explaining the

mechanism of amine formation in a scheme involving several steps,

he had also discussed another reaction. He found, when working

with UV light that addition of HzO2 to the water caused a con-

siderable enhancement of amine formation which, therefore, resulted

from OH- or through OH. radicals. When cysteine was present in

the irradiated solutions, up to 100-fold enhancement of amine pro-

duction occurred. In his opinion, this was due to increased OH.

radical formation and the effect of cysteine was related to the pres-

ence of its --SH group; none of the other compounds examined

contained --SH groups. He was happy to find agreement with Kalk-

warf in his haemolysis results, namely that aliphatic amino-acids

have a weak protective action and the aromatic amino acids strong

protection; this ran parallel with the formation of OH. radicals.

However, he also found a similar difference in effect during UV

haemolysis, where OH. radicals could not be effective.
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I. INTRODUCTION

Some of the possible mechanisms of protection from radiation in

chemical systems have been dealt with in the previous report by

Alexander. It is clear that there are still many uncertainties even

where the conditions can be most closely controlled. In the whole

animal the added complexities of varying cell types and different

physiological conditions make interpretation of the results of chem-

A. Protective Agents

TABLE 1

Protective agents

(I) (2) (3) (4)
-- SH N2 Glyc Others

Cysteamine Anoxia Glycerol 37°C to 2°C
Cysteine Ethylene glycol Freezing -- 190°C
Hydrogen sulphide Ethanol Drying
Mercaptoethanol(a) Dimethyl sulphoxide Amidines

(b)
MEG

(AET)
Thiourea (c)

etc.

(a) SH.CH2.CH2.OH (b) CH3--S--CH3
It
O
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ical protection exceedingly difficult. One advantage of using iso-

lated cells is that physiological complications can be avoided. How-

ever, to quote Miss Alper_), one of the authors in this session,

"The mechanism of true chemical protection remains elusive."

The first three tables show the groups of substances used by the

thirteen contributing authors.

(1) Sulphydryl compounds (--SH). Cysteamine and cysteine

are the most frequently used compounds. Aminoethylisothiouro-

nium bromide (AET) is included in brackets in this list because,

although it is not a sulphydryl compound itself, in certain circum-

stances it is converted to mercaptoethylguanidine (MEG) which

possesses the active --SH group.

(2) Anoxia (Nz). Anoxia is usually produced by flushing the sys-

tem with specially purified nitrogen but other inert gases can be used.

Of the materials reported on here, only phage in the absence of

sulphydryl compounds fails to show protection by means of anoxia.

(3) Glycerol (Glyc.). A number of substances, typified by glycerol,

will protect cells from damage by freezing and also from the effects

of radiation. Relatively high concentrations of the order of two

molar must be used. In this connection compare the 10 - 100 mM

concentrations of sulphydryl compounds required for full protection.

(4) Other agents. Cooling from 37 to 2°C, freezing to -- 190°C

and drying also protect. A group of amidines and related com-

pounds and =S compounds such as thiourea, methylthiourea and

thioacetamide have also been found to protect.

B. Sensitizing Agents

TABLE 2

Sensitizing agents

(1) (2)
02 NEM

Oxygen N-ethyl maleimide (a)
Nitric oxide

(a) combines with - SH compounds.

(1) Oxygen (02). Nitric oxide behaves similarly to oxygen in

sensitizing cells but there are some quantitative differences.



CHEMICAL PROTECTION AT THE CELLULAR LEVEL 279

(2) N-ethyl maleimide (NEM). This compound combines with

sulphydryl compounds and its action is consistent with this.

C. Inactive Compounds

TABLE 3

Inactive compounds

Disulphides Pharmacologically active

--S---S-- agents

Cystamine (a) 5-hydroxytryptamine

(serotonin)

Cystine Tryptamine

Adrenalin

Nor-adrenalin

(a) Betz found protection in vitro with thymocytes.

( 1 ) D i su 1p hi d e s (--S--S--). Cystamine and cystine are the disul-

phide counterparts of cysteamine and cysteine and are usually in-

active in vitro although cystamine is active in vivo possibly due to its

conversion in the body to cysteamine.

(2) Pharmacologically active amines. These substances

which may act by lowering oxygen tension in whole animals do

not protect cells in vitro.

D. Radiation Types and Doses

TABLE 4

Types of radiation used

Type of Energy or Authors

radiation source

X rays 50-250 kV All

except
Biebl

Electrons 8 MeV]

o_ 5 MeV_ Alper
27 MeV}

a Polonium Biebl

TABLE 5

Doses used (rad)

Order of dose

for 10% survival

Phage and 105

bacterial spores

Bacteria 104

(vegetative)
Mammalian cells 5 × 102

The use of a particles with their known slight "oxygen effect"

is of particular interest.
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TABLE 6

Types of cells used.

Hotz

Howard-Flanders

Alper

Bridges

Dewey

Howard-Flanders

Nikolov

Robev

Webb

Betz

Eker

vosVergr°esen }

Biebl

Phage

T1, 2, 3, 4, 6, 7, T4 Bo r, P22, P22--VM

T2. Free in suspension and also inside host bac-

terium but not replicating.

Bacteria and yeast

E. coli B/r, Salmonella typhimurium,

Saccharomyces cerevisiae (haploid)

Pseudomonas sp.

Serratia marcescens

Shigella sonnei

E. coli 823

Staphylococcus aureus

Spores of Bacillus megatherium.

Mammalian and plant cells

Rat thymocytes (not dividing)

Mouse fibroblasts strain L

Human kidney cells

Outer epidermata of red onion scales (Allium cepa)

,830t
_ EXTRAPOLATIONNUMBER (e = 2)
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Fig. 1. Typical survival curves in which log surviving fraction is plotted against

radiation dose.

Most authors have depicted their results by plotting log surviving

fraction (vertical scale) against dose (horizontal scale). The survi-

: 934,.
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vors are defined by their ability to reproduce and form colonies,

plaques or infective centres. The slopes of these curves (Fig. 1, a, b)

therefore represent the radiosensitivity and can be compared for

different treatments, giving dose reduction factors (DRF), dose

modifying factors or dose reduction coefficients. Frequently cells

are more resistant for small, doses and the curve has an initial

"shoulder" before becoming straight (Fig. 1, c). The straight part

can then be extrapolated back to zero dose and the point at which

it strikes the vertical axis is known as the extrapolation number or
sometimes as the "hit number".

2. MAIN PROBLEMS AND RESULTS

The chief objects have been to find new compounds and throw

light on the mechanisms of chemical protection.

A. New compounds

RobevJ) and Nikolov i) have protected E. coli by a series ofamid-

ines and related compounds. All these contain the chemical group-

ing shown in Fig. 2 and do not contain sulphydryl. Maximum

__c_NH//. Fig. 2. Chemical grouping con-tained in amidines and related

_NH-- compounds. (Robev; Nicolov.)

DRF's between 2 and 3 were recorded, although compound twelve

(Table 7) sensitized under certain circumstances. The mechanism of

TABLE 7

Robev Nikolov

1 N-phenyl-4-toluylamidine

2 N-phenyl-4-methoxybenzamidine

3 N- (4-iodophenyl)-benzamidine

4 N- (2-tolyl)-benzamidine

5 N-phenyl-4-dimethylaminobenzamidine

6 N-phenyl-3:4-methylenedihydroxybenzamidine

7 N-phenyl-3:4-dimethoxybenzamidine

8 N- (4-iodophenyl)-4-methoxybenzamidine

9 N- (4-tolyl)-3:4-methylenedihydroxybenzamidine

10 N-(-4-iodophenyl)-3:4 methylenedihydroxy-

benzamidine

11 N-phenyl-2-naphthamidine

12 N-phenylbenzylideneacetamidine

1 2-aminopyridine

2 benzamidoxine

')
t• •
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action of these compounds is quite unknown and they warrant

further investigation.

B. The problems of mechanisms of action

(1) Do sulphydryl compounds act only by lowering

the oxygen tension of the the medium surrounding the

c ells ? This problem has sorely taxed many radiobiologists, parti-

cularly in this country. Sulphydryl compounds, such as cysteine and

cysteamine, undoubtedly do consume oxygen in solution, but the

evidence presented here shows that they can protect in the complete

absence of oxygen, and also that they do, in fact, protect when

oxygen is undoubtedly present (this is interpreted as meaning

that there is probably competition between oxygen and sulphy-

dryl groups for damaged sites).

Dewey and Liddon e) have tested the radiosensitivity of the bac-

terium Serratia marcescens over a very wide range of oxygen pressures

from 1 part per million to 100 atm (Fig. 3). They found that reduc-

5 .. °.°°--

>-

_- CYSTEINE #H5
_4

-- CONT___ IM

m CYSTEINE pH 7z3
LU

' 0.00, 0.01 011 i ,0 I00otto

OXYGEN CONCENTRATION

Fig. 3. Radiosensitivity of Serratia marcescens in relation to oxygen concentration.

(Dewey and Liddon.)

ing the oxygen content of the carrier gas below 200 ppm did not

further protect the bacteria, but the addition of 0.1 molar cysteine

gave significant further protection. Using 100% oxygen at 1 atm,

cysteine protection was lost. AtpH 5 little autoxidation was thought

to occur.

Vergroesen k) passed pure nitrogen above and below human

kidney cells resting on 20 # thick melinex membranes and treated
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them with cysteamine. He found added cysteamine protection even

when the gas leaving the irradiation chamber gave zero reading

on his Hersch cell (less than one part per million).

Bridgesd) obtained dose reduction factors of up to 1.8 with cys-

teine in complete anoxia.

Alpera) provides the following arguments against the idea that

sulphydryl compounds act only through !owering oxygen tension.

--Cysteine protects most effectively when bacteria are irradiated

as a monolayer open to the air.

--The oxygen effect would be expected to be small for 5 and

27 MeV alpha particles which have high LETs. Cysteine however

protected against these radiations. Note also Biebl's e) finding of

chemical protection of mature onion cells from polonium alpha

particles.

-- Cysteine in concentrations adequate to give full protection caused

little change in the oxygen tension of the medium. The oxygen

tension was measured with platinum electrodes.

--If cysteine altered the oxygen tension of the medium surrounding

cells then the fall in oxygen tension should be the same for all strains

and species. However, the different strains of bacteria behaved

differently to similar concentrations of cysteine and, further, yeast

was not protected at all by cysteine.

-- E. coli pre-incubated with cysteine retained the protective effect

even when no cysteine was present in the medium at the time of
irradiation.

The compelling conclusions are firstly that sulphydryl compounds

can afford protection in complete anoxia and secondly that they

can give chemical protection in the presence of oxygen.

(2) Concerning the problem of the protection by pre-

TABLE 8 (Hotz)

Phage type

Osmotic shock Osmotic shock

Sensitive Resistant

T 2,4, 6 T I, T5, T 7

T 4 Bo r, P 22

Retention of Present Absent

--SH protection



284 E.A. WRIGHT

incubation with sulphydryl compounds. Hotzg) found that

only some phage types retained protection after pre-irradiation

incubation with sulphydryl compounds. They were subsequently

irradiated in negligible concentrations of sulphydryl compound in

the medium (Table 8). It is suggested that the membrane that causes

the osmotic shock sensitivity also traps the sulphydryl compound

inside the phage.

(3) Why are free phage not protected by anoxia unless

sulphydryl compounds are present? The answer given by

Howard-Flanders et al. h) is that sulphydryl compounds are normally

present inside bacterial cells but not in a free phage suspension. A

diagram of his experimental results is shown in Fig. 4. The addition

T2 PHAGE

Z

O
I--

<
rV"
LL

z
>
>
CE

D

£9

o,

BROTH

SUSPENSION

IN

BACTERIUM

\ \N2
N2 \ "4

\

O ,-_"_ O2.-._ ' [ O2_'_ \ \,

DOSE

Fig. 4. Survival of T2 phage irradiated in broth suspension or inside bacterial

cells. + SH : in the presence of mercaptoethanol. NEM : after pre-incubation

of bacteria with N-ethyl maleimide. (Howard-Flanders, Levin and Lynch.)

of mercaptoethanol to a free phage suspension mimicked the results

of phage irradiated inside bacteria. Pre-incubation of the infected

bacteria with N-ethyl maleimide partially depleted the cell of sul-

phydryl compound. A scheme for DNA inactivation is shown in
Table 9.

(4) Competiton between sulphydryl and oxygen. We

have already seen the results of Dewey and Liddon showing this

competition using bacteria. Howard-Flanders et al., using phage,

keep the oxygen concentration at 2 mM and vary the sulphydryl

concentration. The radiosensitivity of phage in 2 mM oxygen is



CHEMICAL PROTECTION AT THE CELLULAR LEVEL

TABLE 9

Reactions of DNA radicals* (Howard-Flanders, Levin and Lynch)

285

Biologically active DNA is denoted by RH

Formation of DNA radicals

/two radicals, }(1) RH + Imultiple ionization, etc. _ inactive product

H20 + R"

RH+ [hv J )e-+H +
etc.

where R. denotes a DNA radical which may then react as follows

Product Reaction speed at 4 ° C

(3) R. + 02 --_ ROO. etc. inactive fast (diffusion limited)

(4) R. + NO _ RNO etc. inactive fast (diffusion limited)

(5) R. + -- SH _ RH + --S. active slower by factor of 30

(6) R. _ ? inactive complete in less than

0.01 sec

* Compare Alexander and Charlesbyl).

greatest when no sulphydryl compound is present and least when

200 mM sulphydryl compound is used. Assuming that sulphydryl

and oxygen penetrate into the phage without difficulty, Howard-

Flanders et al., argue that the reaction rate of the DNA radical with

oxygen is 10 to 100 times faster than the reaction rate with sulphy-

dryl.

(5) The action of glycerol, sulphydryl compounds and

freezing. Bridges has studied glycerol and dimethyl sulphoxide

in combination with cysteine under both aerobic and anoxic condi-

tions. Using anoxic conditions only, he obtained nothing but straight

curves and therefore his results can be completely described by

single dose reduction factors (Table 10). He argues that combining

protective agents would lead to a final DRF that is a product of

each if the agents act on different components of damage. If they

act on the same component then their combined DRF's will not

only not be a multiple of each other but will not exceed the theoret-

ical maximum of the best. His results showed dependence (Table

10).

Dewey and Liddon's protection curves are complex, and they

conclude that for certain types of cellular damage sulphydryl com-

pounds and glycerol compounds protect through common mecha-

289
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TABLE lO

Protection of Pseudomonas (Bridges)

Observed dose

reduction factor

for given conc.

Calculated maximum

dose reduction

factor for infinite conc.

Glycerol 2 M 2.0 2.6

Dimethylsulphoxide 1 M 1.6 2.0

Cysteine 0.i M 1.8 2.0

Glyc + DMS 2.3

Glyc + --SH 2.5

(N.B. 2.0 x 1.6 = 3.2

2.0 x 1.8 = 3.6).

nisms but that each group also affords protection to different types

of damage as well.
Webb and Powers m) have produced a series of very elegant curves

for their various protective procedures (Fig. 5). These are put in
numerical form in Table 11. From these results one sees that the

1
/\.\',\ o'\

r_ 100 20o 3o0
DOSE (Kr)

Fig. 5. Survival of Staphylococcus aureus irradiated under various conditions.

(Webb and Powers.)

O : Buffer, air •: Buffer, N_

A : Lyophilized, air • : Lyophilized, N2

[] : Glycerol, air w: Glycerol, N2.

0 : Bubbled

29O
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TABLE 11

Protection of Staphylococcus aureus and spores of Bacillus megatherium (_Nebb and

Powers)

Condition
Dose reduction factors

Staph. aureus B. mega. spores

02 ! !

N2 2.3 2

Freeze dried* 02 or N2 5 -

02 + Glyc. 8.8 M 8 2.2

02 + Glyc. 11.6 M 9.2 2.5

N_ + Glyc. 13 2.8

* Frozen and dried at reduced pressure for 20 hr.

effect of oxygen is reduced in glycerol and abolished by drying

and that glycerol is more effective than drying even when oxygen

is present. The authors also show that the changes in radiosensitivity

that occurred with increasing concentrations of glycerol can be

fitted to the Langmuir adsorption equation, and for this and other

reasons they propose (and I here quote) that "the action of certain

protective agents against ionizing radiations can be considered in

terms of physical absorption on molecules and surfaces within cells."

Vos 1) has protected human kidney cells in tissue culture with

glycerol, dimethyl sulphoxide, cysteamine and freezing to -- 190 ° C.

All his curves have a marked shoulder and the author has calculated

all his dose reduction factors on the relative doses that give 1%

survival. He has continued to draw his curves with increasing steep-

ness down to lower levels of survival, but if the author's points are

re-plotted after proportional reduction by the stated DRF at the

1% level it seems to me that a straight part of the curves could be

found. A summary of his results is shown in Table 12.

TABLE 12

Protection of human kidney cells in tissue culture (Vos)

DRF (02 = 1)

Glycerol 2 M 1.9

Cysteamine 4 mM 1.9

Freezing -- 190°C 1.9 to 2.8*

Glycerol -}- cysteamine 2.8

Glycerol + cysteamine + --190°C 4.5 to 6.4*

* Final slope would give even higher figures but note 2.8 × 2.8 = 7.8.

'291
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(6) The slopes of curves. How should one interpret the

slopes and extrapolation numbers of the curves relating log sur-

viving fraction to dose? Howard-Flanders et al. and Hotz using

phage nearly always obtained straight lines.
Bridges, and Webb and Powers, using bacteria and spores, also

obtain straight curves for all conditions. Alper, and Dewey and

Liddon, on the other hand, obtain straight or "shouldered "curves

depending on conditions. Alper, using Salmonella typhimurium,
and Howard-Flanders et al., using Shigella sonnei, obtain curves

DAMAGE

'02" I_ENT P,OT.S_NS.
:"'.- .../TYPE I /Oz 5 2

• _ /GLYC 1&2

§,_. /-SH l&5

Z_ -TYPE. 2 _ _ _

I oz \ 37°

iOe t ALLTEMPS _ -_/"/ N2

/ [ [ I I I [ I I

0 20 40 60 80

DOSE (K r ad)

Fig. 6. Survival ofSerratia marcescens. Three types of damage are deduced. Type 1 :

damage caused by small doses in N,2. Type 2 : the additional damage in Oz. Type

3: the excess damage at high doses in Nz. The insert shows the effect of various

agents in sensitizing to or protecting against the 3 types. (Dewey and Liddon.)

TABLE 13

Classification of radiation damage (Dewey and Liddon)

Type of damage Temp. Due to

effect

l N2 low dose 0

2 02 extra damage 0

3 Nz high dose +

3a N2 high dose . ', -:'0

H, OH radicals etc.

HO2, R-peroxide radicals,

rejoining inhibition

Damage to proteins (multihit)
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with continuously decreasing slope, that is, "concave," if one looks

from above. Alper's curve for yeast is at first concave and at higher

doses convex. Dewey and Liddon relate different types of damage

to different parts and slopes of their curves (Fig. 6 and Tablc 13).

3. SOME APPARENT INCONSISTENCIES AND POINTS OF INTEREST

Vos observed a peculiar toxicity of cysteamine for his mammalian

cells at concentrations of 0.25 to 2 mM but not, surprisingly, at

higher concentrations.

Vos and Vergroesen found that cysteine, cysteamine and AET

protected their tissue culture cells but Eker and PihF), using mouse

fibroblasts in tissue culture, failed to obtain protection with cystea-

mine and only AET "probably" protected. However, they were

using only 2 mM cysteamine and they did experiments to show

that up to half the free --SH disappeared during the time of

irradiation so that the concentration may have been insufficient.

Further, they were measuring changes in growth curves of cells

which are usually very difficult to interpret.

Vos found no protection with the disulphid e cystamine, but

Betzb) was able to protect rat thymocytes from pyknosis. Here the

cell type and end effect are quite different and this may explain
the difference in results.

In conclusion one may say that, firstly, we have a wealth of

new evidence that shows that sulphydryl compounds protect in the

presence and absence of oxygen. Secondly, we can conclude that

the diverse substances (sulphydryl compounds and glycerol-like

compounds) protect, at least partly, against the same type of

damage.

Finally, I would like to say that I am acutely conscious that I

have omitted many very important points, but this has been due

partly to the enormous amount of work these authors have produced

and partly to the complexity of the subject.

REFERENCE

1) p. Alexander and A. Charlesby, in Radiobiology Symposium 1954 (Butter-

worths, London, 1955) p. 49.
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DISCUSSION

JENNIFER SHEWELL

Department of Pathology, St. Mary's Hospital Medical School, London, Great Britain

The Discussion was opened by Powers m) who felt that it was better

to describe the magnitude of the oxygen effect in term of absolute

probabilities of cell death rather than by comparing ratios of dose

reduction factors as the rapporteur had done. He referred to his

previously published work on the effect of X irradiation on bac-

terial spores, which had shown that damage was here due in part

to the production of free radicals. The presence of free radicals had

been demonstrated by classical radical scavenging techniques, later

verified by ESR techniques. Many compounds, among them NO,

H2S, various other mercaptans, and some amines, protected by

removing free radicals which become toxic if they are allowed to react

with oxygen. Glycerol, in addition to removing free radicals, also

protected against damage from mechanisms that are oxygen in-

dependent. A very good fit had been obtained to the Langmuir

isotherm, and using this fit it can be predicted that at infinitely

high glycerol concentrations only 0 to 10% of the radiation effect

would remain in these bacterial cells. Theoretically then in the

spore, and perhaps in the cell, all energy absorbed can be dissipated

harmlessly.

Alexander (Chester Beatty Res. Inst., London, Great Britain) pointed

out that the normal curve relating radiosensitivity to oxygen also

paralleled the Langmuir absorption isotherm.

Alper a) felt that the point that had emerged clearly was, both with

bacterial cells and spores, although not with bacteriophage, that

whatever protective compounds were used the extent of protection

was less in the absence of oxygen. The extent of the variation of

effect varied with the cell used and the compound used. Bridges d)

had shown that different chemical compounds (e.g. sulphydryl com-

pounds, dimethyl sulphoxide and glycerol) probably protected the

same site of damage. As Alexander and Howard-Flanders h) had

put forward the same mechanism for protection by sulphydryl com-

pounds, Alper wondered whether this mechanism could be extended

to include protection by the alcohols and dimethyl sulphoxide.

(This point was not answered in discussion.)

Rajewsky (Max Planck Institute, Frankfurt am Main, Germany) asked

tilt
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Dewey e) what was meant by high and low doses (i.e. rate or total)

and following from that, whether there was any dose rate depend-

ence. Dewey explained that at low doses, (i.e. doses up to 20 to

30 Krad) the shape of the survival curve in nitrogen was the same

at all temperatures. At high doses, where there was a visible tem-

perature effect, there was also a dose rate effect. The effect of dose

rate changes was too complex to discuss fully; a drastic change in

rate would affect the phenomenon described only slightly.

Philpot (MRC, Harwell, Berks., Great Britain), commenting on

Robev'sJ) demonstration of the protective action of amidines,

stated that he had once considered that malonic dialdehyde (a

decomposition product of the hydroperoxide of linolenic acid)

might be the substance responsible for radiation damage. Amidines

should react with malonic dialdehyde to give pyrrole derivatives.
Protection studies in mice with formamidine acetate and acetamide

hydrochloride were unsatisfactory.

Robev stressed that not all amidines were protective and that

the compounds he had investigated were n-phenyl substituted ami-

dines. Protection was dependent on the structural variation of the

molecule. Increased survival in mice, and in albino rats, had been

demonstrated with the n-phenylamidine derivative of thiophene-2-

carboxylic acid. Only 3 or 4 of the substituted amidines shown by

the rapporteur in Table 7 had radioprotective action, although

their pharmacological effects were the same.

Hutchinson (Yale Univ., New Haven, USA) emphasized that the

inconsistencies reported in this field should not obscure the regu-

larities. Dilute solutions of enzymes and transforming principle

resembled bacteriophage in exhibiting only a slight oxygen effect,

unless --SH were added, when an oxygen effect was obtained.

Howard-Flanders (Yale Univ., New Haven, USA) agreed that there

were marked regularities in the data presented. Competition be-

tween --SH and oxygen obeyed simple kinetic considerations. There

was a demonstration of unity in behaviour ranging from the inacti-

vation of different enzymes, transforming principle and bacterio-

phage to organisms such as bacterial and other cells. Sulphydryl

was normally necessary to demonstrate the oxygen effect on sys-

tems in aqueous suspensions, but this is ordinarily present in the

cell. He felt that one could look forward to a speedy rationalisation

of the mechanism of sulphydryl protection at least.
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Charlesby (Royal Military College, Shrivenham, Great Britain) ar-

guing from the assumption that the biological effects are due to

radical-radical interactions, thought that at high intensities of

radiation a high concentration of additive would be needed to pro-

tect because a high concentration of biological radicals would be

formed, and at lower intensities with a lower concentration of

radicals greater protection would be evident. Was there any dose

rate dependent effect?

Alper thought that the range of dose rates necessary to discuss

this point would have to be very wide. Would Charlesby accept

that evidence from radiation of different LET would provide an

equivalent situation? Sparsely ionizing radiations have ionizations

far apart, while the closely spaced ionizations in an o_ particle

track would simulate high intensity radiations. Both she and

Biebl e) had demonstrated chemical protection to radiation of high

LET, and more chemical protection was obtained with 27 MeV

o_ particles than with 8 MeV electrons. Protection against 5 MeV

0_particles and 8 MeV electrons was much the same.

Powers referred to the published work of his group as having

established beyond doubt that in the bacterial spore and vegetative

cell free radicals are indeed formed by radiation; that they react

with oxygen, and that they can be removed by chemical scavengers.

Meissel (Institute of Microbiology, Academy oJ Sciences, Moscow, USS R )

considered the cytological mechanism of the protective effect. In

1950, he, Pomoshcknikova and Shavlovsky demonstrated that the

vital blocking ofmitochondria in yeast with berberin sulphate result-

ed in radioprotection. Later work showed that ethyl ether and some

other surface active agents could replace berberin sulphate at the

mitochondrial surface, when protection was still observed.

The final contribution was from Butler (Chester Beatty Res. Inst.,

Londoni Great Britain) who felt that a rewarding approach to the

problem might be, not the study of the modification of the oxygen

effect by protective substances, but rather the variations in protec-

tive action brought about in the presence of oyxgen. There was

evidence that with pure substances in the solid state the oxygen

effect was small or negligible, while a marked oxygen effect appear-

ed when protective substances were added. In the cell, protective

substances are invariably present. It was noteworthy that no oxygen

effect was demonstrable in isolated bacteriophage.
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1. INTRODUCTION

Chemical protection in mammals has generally been investigated

by observing the effect of drugs on the mortality of total body
irradiated mice during the 30 days following irradiation. Fig. i
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Fig. 1. Mortality curve for mice after total body irradiation. (After Catschl).)

shows a typical mortality curve taken from Catschl). The curve

rises very steeply between 400 and 700 r. An important conse-

quence of this steep rise is that a small dose-reduction factor (DRF)

produced by a protector may have a great effect on the percentage

mortality in this critical range of dose. Fig. 2 demonstrates that a
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Fig. 2. Mortality curves for con-

trol and protected mice. (After

Catsch 1) .) Ordinate: working pro-

bit scale.

true DRF is not always obtained; in this case the apparent DRF

increases with increasing dose1).

Mortality curves of this type show considerable variations accord-
ing to the sex, age, and strain of mice used. It is essential that the
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animals should be healthy, as irradiation increases susceptibility to

disease. The spread of infection may explain the non-random distri-

bution of deaths per box, or so-called cage effect, observed by

Raventos2).
An extremely important factor in mammalian protection is the

toxicity of the drugs themselves. All the protectors so far discovered

are really effective only at levels of dosage near the limit which the
animal can tolerate. It is therefore essential to examine the pharma-

cological action of these agents.
Since the last International Congress, work by van der Meer in

Holland3,4) and Graevski e) in Russia, and van den Brenk in Austra-

liaS) has shown, with a high degree of probability, that a whole

class of protectors, including the pharmacologically active amines,
such as adrenalin, histamine, and serotonin, and also cyanide, all

act by producing tissue anoxia. As a result of this work, the unsolved

problems of mammalian protection have been limited to the mode

of action of the cysteine-cysteamine group (Fig. 3) and a few others.

CYSTEI NE SH -- CH_-- CH -- NH2

_COOH

CYSTEAM IN E SH J CH z- CH 2- NH2

S -- CH2--CHz--NH z
I

CYSTAM IN E [
i

$ -- CH 2 -- CH 2 -- NHit

M,E. G.
_N Hz

('ACTIVE FORM SH-- CH2--CH 2- NH -- C_N H
OF A. E T._)

S -- CH 2 -- CH 2- N H --C_ N H2
--_NH

G.E.D. [
/N HZ

s-- cH_-- CH=-- .. -- c_N H

Fig. 3. Structure of agents of the cysteine-cysteamine group. MEG: mercapto-
ethylguanldine; AET: aminoethylthiouronium. GED: guanidoethyldisulphide.

Although cysteine and cysteamine have to be given in nearly
toxic doses to obtain effective protection, direct measurement of

the oxygen tension in the spleen has not revealed any evidence of

anoxia6). Recent reviews on cellular protection have indicated that

protection is not necessarily related to anoxia. It is still not quite

clear whether the effects observed in vitro, using rather high concen-
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trations of sulphydryl compounds, are in fact responsible for the

protection of the whole animal.

2. EFFECTS OF MIXED DISULPHIDES

Bitny-Szlachto a) has carried out an experiment to test the validity

of Eldjarn and Pihl's hypothesis 7) that the formation of mixed

disulphides is related to protection. Bitny-Szlachto tested in mice

the protective activity of a mixed disulphide of mercaptoethyl-

guanidine (MEG) and cysteine, and compared it with that of

guanidoethyldisulphide (GED). The initial reactions of these two

compounds with a sulphydryl-containing target molecule are shown

in Table 1. In each case one product is MEG linked to a protein by

TABLE l

Initial reactions of a mixed disulphide of mercaptoethylguanidine (MEG) and

eysteine, and of guanidoethyldisulphide (GED), the disulphide of MEG, with

an --SH target molecule

A. M--S--SmCy + R.SH = R--S--S--M

Mixed disulphide, "Target + cysteine

MEG + cysteine molecule"

B. M--S--S--NI + R.SH. = R--S--S--M

Disulphide of M.E.G. "Target + MEG

(=G.E.D.) molecule"

a disulphide bond, although in case A, the MEG-cysteine disulphide

molecule contains only half as much MEG as is present in GED,

which is composed of 2 MEG molecules. In terms of MEG content,

therefore, A may be more efficient than B for the production of

mixed disulphides. On the other hand, free MEG is released in
case B.

Mice were given the cysteine-MEG disulphide at 0.5 mM/Kg, and

TABLE 2

Effect of GED and mixed disulphide on survival in mice (Bitny-Szlachto)

Dose of Survivors at 30 days

X-rays Controls GED M-- S-- S-- Cy

660 4/20 11/20 15/20

800 0/10 3/10 1/10

. :300
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GED at 0.25 mM/Kg, followed by total body irradiation with 660

or 800 r. No obvious difference in the protective action was observed

with the comparatively small number of mice used (Table 2), but

further work based on this new approach would be welcome.

3. TRACER STUDIES WITH MEG AND GED

Shapiro, Schwartz and Kollmanng) point out that it is essential to

know in what form protective drugs exist at the time of irradiation.

They have administered 35S-labelled MEG aud GED (Fig. 3) to

mice, both intraperitoneally and orally, and determined the prod-

ucts in the different organs. They identified protein-bound 35S,

GED, guanidoethanesulphinic acid, taurocyamine, and sulphate.

When MEG was compared with GED given in equal dose ( 140 mg/Kg)

the total 3_S (expressed as AET 35S) was lower in serum and bone

marrow 20 rain after MEG injection than after GED injection. The

values for the spleen were the same, however, and this may ac-

count for the equal radiation protection observed.

The various products were compared 20 and 120 min after intra-

peritoneal injection of GED, i.e. at times when radiation protection

is observed, and when it is absent. The only metabolic products

whose concentration could be correlated with the presence of pro-

tection were protein-bound sulphur and free GED. These results

would appear to be compatible with different theories of protec-
tion.

3. ANAESTHETICS

Evans and Orkin b) have investigated the effect of mixtures of ni-

trous oxide and oxygen on the response of 8 week old mice to total

body irradiation. A mixture of 83% nitrous oxide and 17% oxygen

was without effect at 1 atm pressure. There was a slight protective

effect with 90% nitrous oxide and 10% oxygen, but this was shown

to be due to partial anoxia.

When experiments were carried out at 2 atm pressure, it was

evident that nitrous oxide and nitrogen had different effects (Fig.

4). Nitrous oxide prevented most of the increase in mortality which

was observed in air at 2 atm, but it was not protective if radiosensiti-

vity in air at normal pressure is taken as the baseline. The authors

attempted to rule out the possibility that this relative protection

was due to nitrous oxide narcosis by anaesthetizing mice with pen-

30I
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Fig. 4. Lethal action of X rays in mice in air (N2--O2) or a mixture of N20 and

oxygen having the same partial pressure of oxygen as air. The oxygen pressure

was varied by varying the total pressure of the gas mixture. (Evans and Orkin.)

tobarbital(50 mg/Kg). Pentobarbital was protective in air at 1atm, but

not at 2 atm. The validity of this control depends on the assumption

that this dose of pentobarbital produces the same pharmacological

effects as nitrous oxide. The possibility that the protective effect is

secondary to tissue anoxia has not, therefore, been eliminated.

Lindop and Rotblat e) have also studied the effect ofpentobarbital

(Nembutal) at a slightly higher dose than Evans and Orkin, i.e.

60 mg/Kg (Table 3). They measured the protective effect at dif-

ferent dose rates, and found that the dose reduction factor decreased

with increasing dose rate. They consider that anoxia is the most

likely mechanism of the protective effect, but the reason why the
dose rate affects the control and not the anaesthetized animals is

not clear. A separate experiment, in which the oxygen tension was

measured in the marrow, revealed that ether anaesthesia was accom-

TABLE 3

Effect of Nembutal in protecting mice aginst lethal radiation damage at various

dose rates (Lindop and Rotblat)

Dose rate LD 50

(Rad/min) Control Anaesthetized DRF

,_ 480 686 800 1.17
2000 715 796 1.11
6000 726 805 1.11

31000 748 795 1.06
_160000 752 791 1.05
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panied by a drop in oxygen tension. Lindop and Rotblat considered

two mechanisms by which anaesthesia could lead to anoxia.

(i) Vasoconstriction secondary to cooling of the animal

(ii) Diminished rate and depth of respiration.

Oxygen was administered to a group of anaesthetized mice,

which were then irradiated at 180000 rad/min. The LD50 was

738 rad in this group, suggesting that the very small protective ef-

fect of anaesthesia observed at high dose rates had been abolished by

oxygen.

4. CYSTEAMINE AND ANOXIA

Shewell and Wright h)point out that comparatively few experiments

with mammals have been carriedout in which chemical protection

iscombined with hypoxia.

Mice, anaesthetized with 65 mg/Kg of Nembutal, were rendered

anoxic by administration of pure nitrogen for 50 or 55 sec.Irradia-

tion with 8 MeV electronswas carried out during the last5 sec of

nitrogen breathing. Another group received cysteamine in addition

to anoxia, a third group cysteamine alone, and a fourth was irradi-

ated in air.The resultsof 5 experiments combined showed that

cysteaminc and anoxia togethergave a higher DRF (_ 2.8compared

with irradiation in air) than either alone. ( ~ 1.5 for cysteamine and

~ 2.3 for anoxia.) The surprising observation was made that cystea-

mine rendered the mice less susceptible to the hazards of the anoxic

treatment. It is possible that cysteamine had shifted the haemoglobin

dissociation curve. Whatever the explanation, this is another ex-

ample of the pharmacological effects of protective drugs.

Both Nembutal and cysteamine lowered the body temperature.

Given together, the temperature drop lasted longer. At least two

interpretations of these results of the combination of cysteamine

and anoxia are possible, namely that cysteamine renders partially

anoxic mice completely anoxic, and that cysteamine and anoxia

are operating through different pathways.

5. PHYSIOLOGICAL MECHANISMS OF CHEMICAL PROTECTION

Grigoresco, Tranco, Popp, Haulica, Vandrovschi, Lecca, and Ne-

delescoa) have carried out a very extensive investigationof many

differentprotectiveagents. At the outset they had considered four

classesof these drugs.

303



CHEMICAL PROTECTION IN MAMMALS 301

(i) Inhibitors of the central nervous system, such as chlorproma-
zine.

(ii) Those which release adrenal hormones, such as ACTH or
adrenalin itself.

(iii) Inhibitors of the reticulo-endothelial system (trypan blue).

(iv) Competitors for free radicals (cysteamine).

They found that representatives of all these classes of drugs pro-

duced a drop in the body temperature of rats, which was most pro-

nounced at 1 hr, They observed many other physiological responses,

such as delay in stomach emptying time, lowering of blood pressure,

inhibition of conditioned reflexes, etc. The authors conclude that the

agents tested may be acting through a common pathway, and they

refer to Mole's s) hypothesis that pharmacologically induced anoxia

may be such a pathway. They suggest that two stages in mammalian

protection must be considered, first, physiological response of the

animal to the drug before irradiation, and second, specific effects,

such as radical capture, during irradiation.

Graevsky, Barakina, Constantinova, and Smirnova c) have inves-

tigated many protective agents in mice, to clarify the relationship

between the mechanism of protection and the oxygen effect. The

criteria of radiation damage studied were LD 100/30 days, the

number of cells in intestinal crypts and bone marrow, and chromo-

some aberrations. Irradiation of mice in oxygen, as compared with

air, did not increase the mortality in controls. Oxygen reduced,

but did not abolish, the protective effect of adrenalin and sodium

,4°t
z<
ww 20

m_z

14, ,
10 '_ 20J 30 40 50

Y TiME (min)

Fig. 5. Changes in oxygen tension in the spleen of mice previously treated with

adrenalin, and the influence of oxygen administration. (Graevsky, Barakina,

Constantinova and Smirnova.)
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nitrite. Measurement of oxygen tension in the spleen by polaro-

graphy showed that adrenalin lowered oxygen tension. This reduc-

tion could be abolished, or even reversed, by giving oxygen. Thus

the polarographic results are not quite in agreement with the pro-

tection observed; possibly the electrode does not detect small islands

of anoxic tissue (Fig. 5). Breathing oxygen did not alter the protec-

tion by cysteamine, cystamine, or AET, and polarography showed

that on the administration of oxygen, the splenic oxygen tension rose

to the same extent as in controls. Combining AET with hypoxia,

(6.5% or 8.2% oxygen) gave more protection than hypoxia alone.

Examination of tissues showed that AET protected marrow effec-

tively, and crypt cells to a lesser extent.

Graevsky et al. distinguish two groups of protective agents: those,

like the amines, which reduce tissue oxygen tension, and the mono-

thiols which (as judged by polarography) do not.

Robev f) tested on rats the series ofamidines which were discussed

in the report by Wright (page281). The compounds were given

intraperitoneally 0 to 5 min before irradiation. He considered that

some of these compounds may release adrenalin in the animal. A

simple pharmacological explanation of their effect was not ap-

parent, since some amidines with similar pharmacological properties

show different degrees of protective ability. The protective effect

of one of the amidines was abolished by its pharmacological anta-

gonist, hexamethonium. I have taken some of Robev's data and

rearranged them in Table 4 to illustrate the point that the more

TABLE4

Radioprotective and toxic doses of drugs (Robev)

Ratio of

Drugs giving Protective Toxicity toxic to

30 to 40% survival dose (LD 50) protective

at 720 r (mg/Kg) (mg/Kg) dose

N--phenyl-4 chloro-

benzamidine 50 106 2.1

N-(4-nitrophenyl)

benzamidine 200 445 2.2

N-(4-nitrophenyl) 3-nitro

4-methyl-benzamidine 200 380 1.9

• 3O5
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effective protective agents must be give at near-toxic doses. On the

other hand, a drug may be toxic without being protective.

6. RADIOACTIVE CHROMIUM UPTAKE: SEROTONIN

Vittorio, Wight, and Sinnott i) have investigated a new technique

for measuring radiation effects, using radioactive chromium. Chro-

mium plays a vital r61e in many biochemical systems, and the tissues

of the newborn are particularly rich in it. In this study four groups
of mice were examined

(i) Controls receiving saline.

(ii) Given serotonin.

(iii) Saline and X ray (600 r).

(iv) Serotonin followed by X ray.

All four groups received 25 #C sodium radiochromate. The 51Cr

content of various tissues was followed at frequent intervals up to

24 hr; organ weights and chromium content were als0 measured

up to 40 days.

During the first 24 hr, serotonin alone had more effect on _lCr

levels than X rays alone. In the irradiated tissues, the 51Cr content

(as counts/mg/min) was increased, and serotonin protected against

this effect. The increase in chromium content was interpreted as

an indication of accelerated repair processes. The serotonin group

were less damaged, and therefore less repair was necessary.

7. SUMMARY

Five of the nine papers reviewed are concerned with the inter-

relationship between mammalian protection and tissue anoxia.

There appears to be fairly general agreement that the majority of

pharmacologically active compounds, such as the amines, or an-

aesthetics such as pentobarbital, act by inducing tissue anoxia. Evans

suggests that nitrous oxide may protect by an independent mecha-
nism.

The cysteine-cysteamine group, on the other hand, do not appear

to induce tissue anoxia. The most direct evidence bearing on this

point are the polarographic measurements of splenic oxygen tension

carried out by Graevsky et al.

The work of Bitny-Szlachto, and of Shapiro et al. is concerned

with testing the validity of the Eldjarn-Pihl hypothesis of mixed

disulphide formation, but the results do not yet point to a conclusion.
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The toxicity studies of Robev, and the biochemical approach

of Vittorio, both emphasize the importance of the pharmacological

effects of protective drugs in mammals.
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Bitny-Szlachto a) commented that the low rate of survival of his

animals treated with mixed disulphides of cysteine and MEG may

well have been due to the toxicity of the disulphides. In fact, a

number of animals receiving this treatment died at an earlier time

than did some of the controls; in contrast, the substances were

apparently harmless in unirradiated animals. It is clear that the

pharmacological properties of GED and its mixed disulphides, as

compared with those of cysteine, are very different: for example,

the toxic effect of mixed disulphides is more lasting than that of

GED. Moreover, irradiation may impede recovery following poi-

soning by the mixed disulphides of MEG and cysteine, an observa-

tion which may at least partly explain why a proportion of animals

receiving these substances died earlier than did some of the controls.

Bitny-Szlachto finally reminded the audience that two compounds

were used in these studies, namely GED and mixed disulphides

of MEG and cysteine, in the form of pure hydrobromides.
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Shapirog) wished to add that, since submission of the abstract,

his group have been studying the nature of protein binding of the

protective substance in the tissue. At 20 min, when the animals are

protected, there are two main types of protein binding: a mixed

disulphide bond, and a thiolester bond. There was also a trace of

a third type of binding, of which the nature is obscure. At 2 hr,

when the animals are no longer protected, both mixed disulphide

and thiolester concentrations decrease, while the concentration of

the third, as yet unidentified, type of protein binding increases.

One may therefore conclude that the latter effect is not correlated

with protection.

Evans b) then raised the question as to whether mice breathing

nitrous oxide with 20% oxygen at 2 atm pressure may be protected

from radiation death by anoxia due to narcosis. Polarographic

measurements of oxygen in the spleen, originally undertaken as a

result of Scott's suggestion, showed that oxygen increases as com-

pared with air at normal pressure. A small increase was also found

as compared with air at 2 atm pressure. Since the spleen may not

be the critical organ for this protection, Evans and his colleagues

have also measured total oxygen consumption under these condi-

tions; they found no change from air at equal pressure.

Lindop e) stated that the very small protective effect reported

could be reduced by giving anaesthesia combined with oxygen.

There is some indication that anaesthesia may exert its protective

effect by hypoxia, but at another site. When the animals breathe

nitrogen, the DRF, as judged by acute effects, is 2.8; when protec-

tion is assessed by long term effects, the DRF is decreased to 1.4.

For anaesthesia, the DRF for acute effects is 1.2, but for long term

effects is it increased to 1.4. This would suggest that hypoxia and

anaesthesia are protecting at a similar site for long term effects,

in contrast to their mode of protection against acute effects.

In response to the Chairman's invitation for discussion from the

audience, Mewissen (Bordet Inst., Brussels, Belgium) said that a few

years ago, while investigating the relationship between dose and

DRF, he and his colleagues observed that the latter was positively

correlated with the dose of whole-body irradiation following pre-

treatment with either cysteamine or cystamine. These observations

were fully confirmed by Catsch t) using a larger number of animals.

He wondered whether Lindop may have observed the same pheno-
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menon in her large series of irradiated and unirradiated mice.

Mewissen's second question related to late effects of irradiation

in mice. In his experience, irradiated mice pre-treated with cyste-

amine or cystamine showed the same shortening of life-span, as
well as the same incidence of radiation-induced tumours, as did

control irradiated mice. He again enquired whether Lindop had

made similar observations.

Lindop replied that the observation that long term effects are

reduced by severe hypoxia during irradiation has been confirmed

not only by herself and her collaborators, but also by Lamson et

al.2). She suggested that protection against acute effects may not

• necessarily be mediated by a mechanism which also affects re-

covery.

Cohen (Rad. Therapy Dept., General Hosp., Johannesburg, South

Africa), addressing himself to the rapporteur, commented that the

latter's statement that pharmacologically non-toxic compounds are

inert as chemical radiation protectors may not be universally ap-

plicable. There are many pharmacologically inert substances, like

the sugars, which effectively influence the response not only to

whole-body radiation, but also to the development of tumours (e.g.

flavanoids).

In this discussion of Lindop's observations, Cohen enquired

whether there may be a change in the exposure geometry of the

animals following induction of anaesthesia. Unanaesthetized ani-

mals can walk about during the exposure, while those that are

anaesthetized are immobile. All the animals may not therefore

receive precisely the same dosage of equal homogeneity. He there-

fore urged that studies of this nature be accompanied by details

of exposure geometry.

In reply to Cohen's enquiry, Lindop said that the physical dis-

tribution of doses in her various experiments were uniform within

2%, and that "hot-spotting" did not occur because of the high

energy of the X rays used, 15 MeV. Those animals which were

not anaesthetized were restrained from free movement, during irra-

diation, by being placed in a perspex box. Every effort was made

to ensure that anaesthetized animals were consistently treated in a

strictly identical manner to that of unanaesthetized controls.

In reply to Cohen's comments, Scott wished to emphasize that

his previous remarks about toxicity were only applicable to such
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substances as exert a protective effect equivalent to a DRF of at
least 1.5.

Howard ( Res. Unit. in Radiobiol., Mount Vernon Hosp., Northwood,

Middx., Great Britain) asked Evans whether he had also tested xenon at

different pressures, as well as other inert gases, for their effect upon

oxygen consumption. Evans replied that so far only Nembutal

(pentobarbital) and nitrous oxide had been tested. Pentobarbital

decreased oxygen consumption; its protective effect was about the

same as that of nitrous oxide, i.e. it gives a protection of about 20%

in the LD 50 range, equal to that of N20 at an atmospheric pressure
of about 1.5 times normal.

Wright h) raised a more general point by comparing the whole

animal to a complex dynamic mosaic of oxygen tensions, a system

which is liable to be disturbed by almost any procedure. He pointed

out that changes in such a complex mosaic would hardly be expected

to be accurately detectable by means of only a few electrodes

measuring oxygen tension, placed here and there. In his experi-

ments, the acute and chronic protective effects of anoxia were

similar with regard both to tumour induction and shortening of

life-span. In contrast, there was little protective effect against the

induction of cataracts, possibly because, during the administration

of nitrogen, the oxygen tension in the lens of the eye does not fall
to the same extent as that of other tissues.

In commenting on Scott's classification of protective compounds,

vanBekkum ( Radiobiol. Inst. TNO, R_iswijk, The Netherlands) said that
he and van der Meer had studied the effects of dithiocarbamates

upon intact mice; the results suggested that the action of these com-

pounds could be explained completely in terms of a depression of

the oxygen content of the spleen. For these reasons, he considered

that dithiocarbamates should be classed in the group of substances

which cause haemopoietic tissue anoxia.

Philpot ( MRC, Harwell, Berks., Gr. Britain) said that some time

ago he performed an experiment which might be described

as a test of the Eldjarn-Pihl hypothesis, though actually it was done

a year or two before the hypothesis was first postulated. Thinking

it would be beneficial to block sulphydryl groups temporarily during

irradiation, he gave mice a lethal dose of sodium arsenite, quickly

irradiated them, and then restored them with BAL. The mice

recovered from the arsenite but later died as a result of the irradia-

310



308 O.C.A. SCOTT

tion. One snag in this experiment, as a test of the Eldjarn-Pihl

hypothesis, arose from the fact that arsenite is known to react pre-

ferentially with paired, as against single, sulphydryl groups. Philpot

suggested that it might therefore be of interest to repeat the experi-

ment with some reversible agent which is guaranteed to react with

all single sulphydryl groups, as well as paired ones.

Before closing the discussion, the Chairman (Eldjarn, Inst. of Clini-

cal Biochem., Rikshospitalet, Univ. of Oslo, Norway) pointed out that

the essential feature of the Eldjarn-Pihl mixed disulphide theory

is that the S-containing protectors act by a particular sort of repair

process. The theory implies (i) the formation of the mixed disul-

phide, i.e. a particular form of protector concentration on suscep-

tible loci and (ii) that the protector may eventually "repair" damage

to the loci. No doubt arsenite does concentrate at the loci of paired

disulphide groups, but the Chairman doubted very much if it would

effect any repair.
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1
l. INTRODUCTION

Experiments with mice and rats by Quastlerl), Abrams2), Hursh

and Casarett3), and Sacher 4) indicated an age-dependency of the

sensitivity to ionizing radiation. Newer investigations by Kohn and

KallmanS), Gengoziann), and Rotblat and his collaborators 7.8) have

shown that the dose causing 50% lethality at 30 days (LD 50/30) is a
function of age of the animals at the time of irradiation. Fig. 1 shows
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Fig. 1. LD 50/30 for SAS/4 mice as a function of age at irradiation. The radio-

sensitivity passes through a maximum value at 3 to 4 weeks of age.

(Crosfill et al.1).)

the well-known curve of Crosfill, Lindop and Rotblat7), with two

new points at older ages (private communication). It is of the

greatest interest that the long-term life shortening caused by radia-

tion also follows a very similar age variation, as shown both for
acute exposures 16) and for doses accumulated in small daily incre-
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ments4,4a). Lindop and RotblaO 6) gave a full discussion of results

following acute exposures, and their implications, at the Annual

Congress of the British Institute of Radiology in 1961. It is also

relevant that radiotherapists have found empirically that X ray

doses to very young and very old patients must be lower, by some

20% (Tudway)17), than those given to middle-aged patients.

Is there a single specific physiological function, an "intrinsic

radiosensitivity factor" which varies with age and which is common

to several mechanisms of injury? Or does the radiosensitivity of

different physiological functions vary with age in different ways?

Why is sensitivity so great at 3 to 4 weeks of age in mice? Is such

a peak of radiosensitivity also found in other mammals?

The twelve papers in this session give some new results which are

relevant to these questions, and also report many detailed results

which cannot be given here in the time available. The main trends

of the new investigations have been to examine the radiosensitivity

of a number of functions other than LD 50/30 in the relatively un-

explored range from birth to a few weeks of age, and where possible

to investigate the effects of much smaller doses than hitherto.

2. EFFECTS IN MICE WHICH SHOW AN AGE DEPENDENCY OF RADIO-

SENSITIVITY SIMILAR TO THAT SHOWN BY LD 50

Table 1 summarizes the results on mice from seven of the papers

for effects other than LD 50/30 days. The left-hand side of the table

TABLE 1

Mice

Effects in which radiosensitivity was found to vary:

Similarly to LD 50/30 (ref.7)) Differently from LD 50/30

Shortening of lifespan 16,4a

GI deathe, k)

Granulocyte and

lymphocyte recovery rate k)

Sterility (females)g, ia)

Total reproductive

capacity (females) h )

Immune response k)

Lens weight (8 weeks youngest) 1)

Intercapillary

glomerular sclerosis a)

314
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lists those effects which showed a greater radiosensitivity at about

3 to 4 weeks of age than at earlier and later ages; this is the restrict-

ed meaning of "similarly to" in the table.
A. Gastro-intestinal death

K. Heuss e) gave 1000 r (X rays) to mice of ages between 2 and

67 weeks, and plotted the mean survival time (MST) against age,

as shown in Fig. 2. The good correlation with Fig. 1 is obvious.

Smith and Alderman k) measured the radiosensitivity of gastro-
intestinal death in terms of the LD 50 for death between 3 and 6

G
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Fig. 2. Mean survival time (MST) after 1000 r whole body dose as a function

of age in mice. (Heuss.)
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Fig. 3. LD 50 as a function of age in mice. (Smith and Alderman.)
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days. Fig. 3 shows that their results followed very closely the pattern

they obtained for LD 50/30. This is a very satisfactory agreement

with the previously reported paper and with Fig. 1, and also pro-

vides a good justification for the use of mean survival time as a

measure of radiosensitivity in this effect.

B. Granulocyte and lymphocyte concentration

Smith and Alderman also investigated femoral marrow cel-

lularity (estimated 7 to 12 days after irradiation) and found it to

be more depressed in 71 week old mice than in those aged 32 weeks,

so the younger mice were more radiosensitive. They went on to

investigate the recovery times of peripheral lymphocyte and granu-

locyte concentrations after a dose of 420 r. Fig. 4 shows the results,
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Fig. 4. Recovery time of lymphocyte and granulocyte concentrations as a function
of age in CDBA mice after 420 r. (Smith and Alderman.)

plotted as time required to recover to 1000 cells/mm 3 against age.

The shape corresponds well with the pattern of LD 50 vs age (Figs.

1, 2 and 3), showing a maximum sensitivity at 3 to 4 weeks. The

correlation is best for granulocytes. The authors pointed out that

"the times observed for granulocyte recovery (7 to 16 days) are

consistent with the view that granulocyte recovery is causally related

to the ability to survive the period of greatest danger from septicae-

mia," and may thus account for the low LD 50/30 at 3 to 4 weeks

of age.

C. Sterility and total reproductive capacity

Earlier workS-13) has been done with doses exceeding 150 r given
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within a few days of birth, or with doses down to 20 to 25 r given

at ages greater than 5 weeks. Peters and Levyh), after tabulating

these earlier results, reported experiments giving doses of 20 r to

female mice at various ages between 0 and 35 days. The doses were

to the whole body except that the head was shielded. Two functions

were studied: the total number of offspring produced during the

life span (total reproductive capacity) as shown in Fig. 5; and the

.
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Fig. 5. Total reproductive capacity of female mice as a function of age when

irradiated with 20 r. (Peters and Levy.)
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Fig. 6. Proportion of female mice not rendered sterile as a function of age when

irradiated with 20 r X rays. (Peters and Levy.)

proportion of mice made completely sterile (Fig. 6). These curves

agreed in showing very serious damage after 20 r given at 14 to

" 317
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21 days. Irradiation at these ages also caused the reproductive life-

span to be shorter. There was, however, an important difference

between the radiosensitivity of sterility and that of total reproduc-

tive capacity. Sterility is very small for irradiation at birth or after

4 weeks of age, but the reduction in total number of offspring is

substantial after 20 r given at all the ages tested. Some of this dif-
ference was due to cannibalism of litters at birth, which varied

markedly with age at irradiation in the same way. Further, Peters

and Levy presented curves of rate of production of offspring versus

age, and found no improvement in the damaged reproductive capa-

city even after a latent period. The total number of offspring is

thus shown to be a very sensitive index indeed of radiation damage

even at ages outside the most dangerous 2 to 4 week period in
mice.

Lindop, Morgan and Rotblatg) obtained results on fertility in

female mice in general agreement with Peters and Levy's conclu-

sions. They found that 1 day old mice were less sensitive than at

7 or 21 days of age; and further, were also less sensitive than at

15 or 35 weeks of age. They went on to study the effect on fertility

of radioprotection by hypoxia.

3. PHYSIOLOGICAL PARAMETERS WHICH MIGHT CAUSE

RADIOSENSITIVITY TO VARY WITH AGE

The effects described thus far all show a maximum radiosensitivity

in mice at about 3 to 4 weeks of age, so that there is some substance

in the question: can there be some general sensitivity to ionizing

radiation which is common to several mechanisms of injury?

Possible candidates for an "intrinsic factor" which may determine

the age variation of radiosensitivity include (i) oxygen tension in

certain vital tissues such as bone marrow, (ii) the rate of change of

weight of mice, i.e. growth rate and (iii) hormonal effects.

A. Oxygen tension in vital organs

Lindop and Rotblat 16) have previously excluded the age varia-

tion of oxygen tension as a main factor in the age dependence of

radiosensitivity, with the possible exception of the neonatal period.

Lindop, Morgan and Rotblat have carried out experiments to

study the effect of hypoxic protection upon fertility in young mice,

but the results are not yet sufficient to establish a pattern of age

variation. Their finding of a "failure to protect" in 7 day old
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mice does not by itself rule out the hypothesis, because the result

is probably simply due to the extremely high sensitivity of repro-

ductive capacity at that age, which meant that the doses were too

high to leave any mice fertile, whether they were breathing nitrogen
or air.

B. 7he rate of increase of weight

It has previously been pointed ouO 6) that the period of maximum

sensitivity to radiation in mice corresponds to the peak in the rate

of change of body weight (g/day) occurring at 3 to 4 weeks of

age (Fig. 7). Hazzeldine and Lindop b) have attempted to investi-
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Fig. 7. Rate of increase of weight in mice vs age (dotted line), and relative radio-

sensitivity vs age (full line). (Hazzeldine and Lindop.)

gate the interdependence of age, weight, and radiation sensitivity

by irradiating groups of mice of the same chronological age but

different body weight, i.e. different physiological age. Some groups

were fasted to reduce their weight and rate of growth. Two ages

were chosen: 27 weeks when the radiosensitivity varies slowly with

age, and 34 days when it is at its maximum value. Experiments

with the 34 day old mice gave a clear result. Any change in the

"physiological age" induced by fasting should give rise to a de-

creased radiosensitivity. The results showed, on the contrary, that the
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sensitivity was increased by 20%. Therefore dietary-induced growth

retardation certainly increased the radiation sensitivity of mice, as

shown by other workers; but the retardation did not produce simply

a change in physiological age. The desired separation of the param-
eters could not, in fact, be achieved in this way. It is still possible

that the many changes which must be taking place at the time

of maximum growth rate are connected in some way with the

high radiosensitivity of a number of physiological effects in mice.

C. Hormonal Jactors
Sacher and Grahn t) have investigated the radiosensitivity of mice

by means of continuous exposures starting at a certain age and

continuing until death, which took place 20-160 days later depend-

ing upon the dose per day. They concluded that the effects of

gonadectomy, and the correlation of radiosensitivity with the course
of growth, suggested that the actions of oestrogens and androgens

on the pituitary secretions, together with the suppression of oes-

trogens by radiation exposure, might be important factors in the
variation of radiosensitivity with age. Their conclusions referred to

mice aged 100 to 600 days; but the possibility obviously arises of
some effect of radiation, either direct or abscopal, on pituitary
function in infant mice.

4. EFFECTS IN MICE WHICH VARY WITH AGE DIFFERENTLY FROM

LD 50/30

The right-hand side of Table 1 summarizes results which showed a
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Fig. 8. Time to recovery of ability to reject homologous (DBA) ascites cells in

LAF1 mice after 420 r. (Smith and Alderman.)
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different pattern of radiosensitivity at various ages from that just
described for LD 50 and the other effects in Table 1.

A. Immunological response

Smith and Alderman k) measured the rate at which mice recov-

ered their immune response after a whole body dose of 420 r by

finding the time after irradiation at which 50% of the mice could

survive an injection of 106 homologous lymphosarcoma ascites cells.

Young mice recovered this immunity faster than did older mice

(Fig. 8). The increase in apparent "sensitivity" with age is in marked

contrast to the decreasing sensitivity with age after 5 weeks for the

other effects so far discussed, and shows that immune response

cannot be a major factor in the age variation, at least for mice

older than 5½ weeks. (This was the youngest age tested.) It is likely,

however, that this experiment measures the rate of recovery of

immune response at various ages to a greater extent than it measures

the radiation damage to the system.

This brings up the point that two main factors are always involved

in measurements of"radiosensitivity". One is the amount of damage

actually produced; the other is its modification during the time

taken for it to become apparent.

B. Lens weight

R. L. Straube 1) found that the weight of the lens of the mouse

eye depended rather precisely upon age, but was unaffected by

whole body doses of 400 to 500 r given at 8 to 13 weeks of age, even

though the lenses were still actively growing in 8 week old mice.

In a second experiment, Straube found that regeneration of liver

was affected both by radiation and age in a similar way. A third

system did not vary with age or with irradiation: this was the

colonisation of the spleen of lethally irradiated mice by marrow
from rats irradiated with 500 r at 1 to 5 or 18 tO 24 months

of age.

It is no surprise to find a process which is affected neither by

radiation nor by age; and if a process varies with age but not with

radiation, then possibly the sensitive time to irradiate has not been

discovered. This brings up again the point that the time required

for any effect to appear must be taken into account, and this will

depend upon rate of physiological repair or of organ development,

or cellular repopulation, as well as upon the degree of immediate

radiation damage.
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C. Intercapillary glomerular sclerosis

Guttman and Kohn a) have previously described the lesion of

intercapillary glomerular sclerosis (IGS) in mice. Cellular and

ground-substance changes in the spaces between capillaries in the

kidney can be seen histologically, and graded on a scale of four.

The changes are progressive with age in normal mice, and they are

accelerated by irradiation, as already shown for large doses (several

hundred rad) and mice over 58 days old. The present experiments

were carried out mainly to determine the radiosensitivity of the

effect in the unexplored range from late gestation to 54 days of age.

The resulting grades of IGS, sampled either at 100 or 195 days,

are shown in Fig. 9. The grading was doubled after 250 rad in I day

Sagrificed of
I 100- 125 d
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Fig. 9. Grade of intercapillary glomerular sclerosis (IGS) vs dose for mice of
various ages; one curve for each age group. (Guttman and Kohn.)

old mice, 400-500 rad in 12 day old mice, and 500-600 rad in

53 day old mice. The conclusions were, first, that all these young

mice showed much greater damage than one year old mice, and

second, that the changes produced in one day old mice were greater

than in the 12 day old animals. The latter is the point of difference
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from the LD 50 age variation. There appears from Fig. 9, however,

to be a greater effect in 25 day old mice given doses higher than

600 rad, than in 12 or 53 day old mice, suggesting a possible

second peak of greater sensitivity at 25 days. The differences were,

however, barely significant in this experiment.

Two possible mechanisms for the greater sensitivity at I than at

12 days of age were discussed by the authors. (i) there is a change

of glomerular sensitivity with age, and (ii) the sensitivity to X rays

remains constant, but the rate of the processes necessary for the

development of visible damage may be slower after 12 days of age

than before. Experiments giving equal doses to 1 day and 12 day

old animals will help to distinguish between these mechanisms. If

(i) is correct, mice irradiated when 1 day old will, at all subsequent

times, show increasingly greater gradings of IGS than those irradiat-

ed at 12 days. If (ii) is correct, the difference will change with

time, being greater at, say 200 days when the damage in the older

animals will be only half developed, and decreasing by 300 days

when it is fully developed in both age groups; experiments are in

progress to determine this difference. The authors suggest the pos-

sibility that a delay between irradiation and the appearance of

IGS might be due to the activation of an auto-immunity response,

assuming that X rays produce changes which are antigenic. The

host reactions would be of greater magnitude at birth than later in

Exposed at 94-101

100 days of age
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Fig. 10. Proportionofrat lenses showing complete (Stage IV) opacityas a function
of time after the irradiation of one age group by 360, 320 or 230 rad fast neutrons,

and stage III after 50 rad. (Kimeldorf.)
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life, and would be consistent with the findings, both of this experi-

ment a) and those of paper k) reported in Section 4.A above.

5. EXPERIMENTS WITH RATS: CATARACT INDUCTION

D.J. Kimeldorf d) used cyclotron-produced fast neutrons (p on Be)

with a spectrum similar to that of fission neutrons. One experiment
showed that doses exceeding 230 rad induced complete lens opa-

city, but that 50 rad never did so. The higher doses caused the

opacification to begin sooner (Fig. 10). A second experiment showed

that in groups of different ages given the same dose, the onset of

opacification appeared at the same interval after irradiation for
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Fig. 11. Proportion of rat lenses showing complete opacity as a function of time

after the irradiation with 215 to 230 rad fast neutrons of three different age

groups. (Kimeldorf.)

all ages, but that it progressed more rapidly in the older rats

(Fig. 11).

This finding is difficult to explain, and further discussion is neces-

sary.

6. EXPERIMENTS WITH RATS: IS THE VARIATION OF RADIOSENSITIVITY

WITH AGE SIMILAR TO THAT IN MICE?

Two of the papers compared fertility in rats aged 8 and 17 days,

and both papers contained a number of other interesting results.

The question arises as to whether other mammals than mice show
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a peak of radiosensitivity within the first weeks of life. The sum-

mary of results concerning this question is given in Table 2.

TABLE 2

Rats

Effects in which radiosensitivity was found to be:

Greater at i 7 days than 8 days Greater at 8 days than i 7 days

Retardation in weight t)

Delay in producing

first offspring

(males) t )

LD 100/30 (ref.t))

LD 50/30 (ref.Sa))

Reduced litter size

(males - slight effect) t)

(females - definite t)

Sterility (males)t&J)

(females) t )

Histological reduction

in number of spermatogonia t)

A. Lethal dose

Leonard, Lambiet and Maisin t) showed that the LD 100/30 days

in rats increased from about 350 r at 8 days of age through 450 r
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Fig. 12. LD 100/30 as a function

of age and sex in rats. There is no

maximum of radiosensitivity at 3

to 4 weeks, as seen in mice (cf.

Figs. 1 and 3). (LEonard, Lambiet

and Maisin.)

at 17 days to 760 r at 100 days (Fig. 12). This result, being based on

LD 100, cannot be considered to be of high accuracy, but it is in

agreement with some LD 50/30 results on rats obtained in 1955 by
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SikovandNoonanaa),quotedin reference3).It appearsthat rats
mayshowa differentpatternfrom mice,in not havinga peakof
radiosensitivityat 3to 4 weeksof age;their sensitivityimmediately
afterbirth isgreaterthan thatof mice.
B. Retardation in growth rate

Leonard, Lambiet and Maisin f) went on to show that the reduc-

tion in weight compared with controls produced by a dose of 250 r

was negligible for 8 day old rats, but was 25% for 17 day old animals.

The difference was greater in rats protected with 200 mg/Kg AET

and given 500 to 600 r. These results suggest that a peak in radio-

sensitivity for this effect may after all be present in rats at or after

17 days. After five months the irradiated rats had regained the

weight of control animals.

C. Fertility of female rats

Female rats showed much greater disturbances of reproductive

function than males.

17 days old : After 200-250 r to unprotected, or 500-600 r to AET-

protected, females some delay between the first mating and the

birth of progeny was found, and also slightly reduced numbers of

offspring per litter_).

8 days old: All unprotected females given 200-250 r were sterile,

as were most of those given 500 r with AET. Unprotected females

given 50-100 r showed some delay in producing offspring, and

produced less than half the normal number of offspring per litter_).

This result shows clearly a greater radiosensitivity of 8 day old

compared with 17 day old rats for damage leading to reduced

number of offspring. The sensitivity of these rats was less than that

of mice aged 14-21 days. (Figs. 5 and 6).

D. Fertility of male rats

Leonard, Lambiet and Maisin f) found that the radiation-induced

delay in the birth of progeny was greater in male rats irradiated at

age 17 days than 8 days. This was true with and without 200 mg/Kg

AET protection (Table 2). The rats were mated with unirradiated

females 100 days after irradiation. The numbers of offspring pro-

duced in the first litter were normal for the 17 day, but slightly

reduced for the 8 day old rats. These two effects therefore show

opposing trends in age vs radiosensitivity.

Histological examinations showed, however, that fewer sperma-

togonia were present in the tubules (70 days after the irradiation)
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of 8 day than 17 day old rats: this latter effect was more sensitive

at the earlier than the later age.

Savkovic, Radivojevic and HajdukovicJ) confirmed the latter
trend _howin_y onite definitely thnt fertility wn_ rectncoct m_ch rn_r_

by 600 r (whole body) to 8 day old than to 17 day old male rats

(to 14% compared with 25%). Cysteamine gave better protection

to the younger group than to the 17 day old rats, as did AET and

also homologous DNA administered immediately after irradiation.

Local irradiation of the testes gave a broadly similar result, except

that the reduction in fertility was not so great, and cysteamine

provided no protection.

With both head and testes locally irradiated, this difference

between 8 day and 17 day old animals was also clearly shown (26%

and 70% fertile respectively). When only the head was irradiated,

no significant reduction in fertility was caused, even by 600 r which

reduced the pituitary gland weight to half normal.

The differences in sensitivity appear, on balance, to favour an

opposite trend in rats to that in mice at 8 and 17 days of age (Table

2), although further results would be valuable.

The progeny of the irradiated males were studied by Savkovic

and her colleaguesJ) with some curious results. First, the surviving

progeny showed no reduction in growth rate after 600 r local irra-

diation of the testes, but they did show a reduced growth rate by

25% after 600 r local irradiation of the head only, or after local

irradiation of the head and testes, or after 600 r whole body irradia-

tion. Second, some abnormal offspring (e.g. with cataracts) were

observed among the progeny of animals given 600 r local irradiation

of the head only. Could these be due to a genetic effect produced

in some way, possibly as a consequence of pituitary disturbance?

Dr. Savkovic has informed me that the second generation offspring

also show a marked weight reduction, so the effect must be a genetic

one, from irradiation of the head only.

7. RADIOSENSITIVITY OF THE MOUSE FOETUS

The final paper concerns radiosensitivity of the mouse foetus at

various ages during gestation, with respect to different kinds of

abnormality. Doses of 50-400 r were given, most often about 200 r.

Langendorff, Kriegel and Shibata e) have obtained a detailed pic-

ture of the variation of radiosensitivity with day of gestation for
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abnormalities of the tail and limbs (left side of Fig. 13), and also

for the lethal abnormalities of brain, eyes, nose and ventral closure

(right side of Fig. 13). The very short period of high sensitivity for

a given abnormality is demonstrated particularly well for limb de-
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Fig. 13. Prenatal macroscopically recognizable deformities in the mouse after X

irradiation during pregnancy, in percentage of abnormal relative to normal

foetuses. (Langendorff, Kriegel and Shibata.) Left: Abnormalities consistent

with life. Right: Serious, usually fatal, abnormalities.

formities at the eleventh day. The effect of different doses was also

investigated (Fig. 14). The increase in proportion of abnormal
foetuses with dose shown in Fig. 14a is accompanied by more foetal

deaths (Fig. 14b), thus giving rise to the optimum dose of 175 to

200 r for the production of viable deformities in mice (Fig. 14c).

These results are very similar to those reported previously by

Russell 14) and Russell and RusselPS).
Such results are examples of the type of information which is



THE EFFECT OF AGE ON RADIOSENSITIVITY 327

°/° 1 ('_ Normal foetuses100
o

60-

t',i4O I

2o \

_) l:_sorH.ions _ Abnoraml foetuses

o,,.....= '''°

I
I
I

0 200 400r 0 200 400r 0 200 400r

• -- Irrcdigted at 5th day of gestation

o ..... Irradiated at 8th cloy of gestation

Fig. 14. Effect of varying doses, given on 5th or 8th day of gestation, on embryonic

development in mice. (Langendorff, Kriegel and Shibata.) (a) Proportion of

normal foetuses found at operation on 18th day. (b) Proportion of dead foetuses.

(c) Proportion of deformed foetuses•

required for other kinds of radiation-induced damage, i.e. a specific

time is known when the process is at its most sensitive to damage,

and the relevant dose-effect curves have been explored. It is, of
course, in principle easier to determine these things in the foetus

than in older animals because of the grossness of the effects studied,

and because their development takes place quickly so that problems

of time taken for the damage to develop until it is visible do not arise.

8. CONCLUSION

To attempt to sum up what is already a very attenuated summary

of the relevant results of twelve papers, I shall say:
(a) Several important physiological effects in mice in addition

to LD 50/30 have been well established as showing a peak of radio-

sensitivity at 3 to 4 weeks of age.

(b) In other effects which show different variations of radio-
sensitivity with age, considerations of the time taken for the damage

to appear, and of other processes which might mask or repair the

damage, i.e. population kinetics, are probably predominant.

(c) The age variation of radiosensitivity in rats seems to differ
from that in mice, over the first few weeks of life.

The following points of interest also arose:

(d) The total reproductive capacity of female mice is an ex-
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tremely sensitive measure of radiosensitivity, more so than sterility

except at 14 to 21 days of age, and is affected by a few rad given

to infant mice.

(e) Irradiation of the head alone of rats was found in one investi-

gation to cause the offspring to show a retardation in weight of

some 25%, and some foetal abnormalities. These experiments must

be repeated.

It is well recognized that problems of in vivo "radiosensitivity"

must be studied with the appropriate population kinetics in mind,

and the question of radiosensitivity at various ages of irradiation is

no exception.
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Smith k) agreed with the rapporteur's suggestion of the possible

r61e of the age dependence of the ability to develop an immune
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response, in contrast to the degree of damage, in her experiments

on the failure to reject homologous tumour cells in irradiated mice

of different ages. A similar process might also be operative in granu-

locyte and lymphocyte recovery after irradiation, and even in the

LD 50/30 experiments, since it is not logically necessary that recov-

ery processes should be solely dependent upon initial damage as

such in animals of different ages.

Kimeldorf a) referred to his observations on lens opacification. A

speculative explanation for the more intense rate of opacification

following irradiation in later life might lie in the lens being a self-

contained system whose radiosensitivity is largely due to those cells
which are in mitosis. Since the mitotic index is known to decrease

with age in some systems, the same radiation dose might be more

effective in an older animal with fewer surviving mitotic cells.

Sacher i) suggested that the apparent simplicity of the age depend-

ence of radiosensitivity at later ages is deceptive. Although most

data indicate a plateau region from 200 to 500 days followed by an

increase in radiosensitivity, there is also a greater increase in varia-

bility of response with age. Some of the oldest animals exhibit as

great a resistance to radiation as the younger animals, which sug-

gests that there are perhaps two processes involved- an increasing

morbidity with age as well as a real systemic ageing process. At

later ages the increased sensitivity would be mostly due to increased

morbidity.

Rogers (Dept. of Anatomy, Univ. of Birmingham, Great Britain) had

the impression that there was a peak in the mortality curve for

mice at about three weeks, near the time of weaning, which might

be relevant to the radiosensitivity data. Rotblatg) confirmed that

there was a slight peak at 2 to 3 weeks, but he was not sure of its

relevance in view of other factors, such as growth rate, which also

changed at this time. Curtis (Brookhaven Nat. Lab., Upton, NY, USA)

added that at the other end of the age range the drop in LD 50/30

was again paralleled by the mortality curve, an observation which

had given rise to speculation in the past.

Cole (US Naval Radiol. Defense Lab., San Francisco, Cal., USA)

referred to some observations made with Rosen (Chester Beatty,

London SW7, Great Britain) on LAF1 mice irradiated with 690 r

of X rays on the day of birth. Three effects were noted:

(1) Intercapillary glomerulosclerosis was much greater after 6 to
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9 months than in mice irradiated at 3 months with the same dose,

in agreement with the results of Guttman and Kohna).

(2) Severe growth reduction occurred during the first three months,

and the animals subsequently remained small for the duration of

their lives.

(3) The hair turned grey at 3 to 5 weeks, but the normal dark

brown colour reappeared during the second month and persisted

until the animals were several months old. This resistance to greying

in new born mice seems analogous to the effect on fertility observed

by several of the authors.

Lindopg) suggested that the resistance of the new-born mouse

ovary to radiation might lie in the existence in the ovary at this

stage of cells with a greater developmental potential than at later

ages. Although the number of cells surviving irradiation at different

ages might be the same, the damage would appear to be less in the

new-born animal. A similar situation existing with cells at the base

of the hair follicle might account for Cole's results.

Mole (M.R.C., Harwell, Berks., Great Britain) drew attention

to the absence of hair in new-born rats and mice, and their inability

to regulate body temperature compared with 30-day old animals.

In view of the effect of body temperature on radiosensitivity

he wondered whether Peters land Levy h) and Lindop and her col-

leagues had taken precautions to avoid this complication, and whether

it might account for the difference between young rats and mice

due to differing experimental techniques. Peters agreed with the

pertinence of Mole's remarks, but said that her mice had only been

away from the mother for one minute during irradiation. Whether

this was sufficient to cause appreciable cooling was not known. (She

added in answer to a question by Fowler that in her experiments,

the heads of the mice had been shielded to avoid pituitary complica-

tions.) Lindop also agreed with Mole and cited some of her earlier

work with unheated gases passed over mice, which might have af-

fected the experimental results. In the present experiments all the

gases had been heated to body temperature. It was observed, how-

ever, that the sensitivity of one day old mice could be increased by

breathing oxygen, whereas that of adult animals was hardly affect-

ed. Thus the possibility of increasing the sensitivity in the new-born

mouse by oxygen persisted despite temperature control.

Kohn a) said that he had measured the LD 50 for 1-day old rats
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and mice after allowing them to cool to room temperature for 20
to 30 min. The rat was more sensitive than the mouse. At later

ages the rat became appreciably more resistant. At the other end

c_f the life span, 2-year old female mice given a single dose of 260 r
or two doses each of 260 r one week apart showed either increased

or unaffected survival, despite the rapid decline in LD 50 at this age.

Shellabarger (Univ. of Michigan, Ann Arbor, Mich., USA) pointed

out that the age dependence of radiosensitivity seemed to parallel

that of thyroid function, which in turn is related to body tempera-

ture and many other physiological processes.

Upton (Oak Ridge Nat. Lab., Tenn., USA) asked Lindop whether
the effect of underfeeding mice applied equally well to life-short-

ening as to acute lethality, since underfed animals might not stand

the acute stress of the LD 50 exposure so well. Lindop replied that

only acute effects had been studied. In reply to a suggestion by Thie-
mann (oTiilich,Germany) that food differences between young and adult

mice might result in different secondary processes and physical

spreading of energy dissipation, Lindop answered that differences
in food certainly led to different intestinal flora, and information

on this might be important for lethality in the age range from 1 day

to 3 or 4 weeks. A reason for the high resistance of the new-born

mouse might lie in the absence of intestinal flora.

Murphree (Univ. Tennessee Agr. Res. Lab., Oak Ridge, Tenn., USA)
said that 15 to 18 month old cattle were 20% more sensitive to

radiation than 4 to 5 year old animals, and presumably tempera-

ture differences in such a species were not important. Also pigs fed

different nutritional levels and exposed to chronic irradiation show-
ed no difference in sensitivity.

Referring to the period before birth, Schwarz (Philadelphia Gen.

Hosp., Philadelphia, USA) said that his work with Riggs and Vross

on brain lesions following irradiation in utero depended on the time

of gestation. Mistakes could arise by trying to evaluate the effect of
irradiation on a metabolic or enzymatic system without reference

to its degree of development.
Rajewsky (Max Planck Inst. Biophys., Frankfurt am Main, Germany)

asked how the authors had ensured homogeneity of irradiation,

what degree had been achieved, and whether it was the same for

all ages. Smithk) replied that for each irradiation they had used

vessels containing 10 or 20 animals belonging to two or three age
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groups. Sacher 1) suggested that the important heterogeneity was

biological rather than physical, e.g. disease, and that the physiologi-
cal state of each animal at irradiation needs to be known. Cohen

(Radiother. Dept. Gen. Hosp. Johannesburg, South Africa) thought that

physical heterogeneity could not be so easily dismissed, since it was

known that the proportion of high atomic number elements changed

with age. For example, the increase in calcium during skeletal develop-

ment could influence the dose to the haemopoietic system. Rot-

blatg) agreed with the importance of avoiding dose "hot spots" due

to high atomic number material, and for that reason in their ex-

periments high energy radiation was used. The dose variation with

depth and over the surface of the animal had been less than 2O/o .

As regards biological variation, the most essential factor in age de-

pendence was surely age itself. Rajewsky agreed that high energy

radiation afforded some improvement, but it was not ideal and the

animals should be rotated. The effect was not simply physical, but

was an important biological factor since the degree of homogeneity

in different organs might vary with age. Woodard (Sloan Kettering

Inst., New York, USA) pointed out that the amount of energy ab-

sorbed by the mineral in the skeletons of rats and mice is known,

and amounts to an increase in dose of about 5% to adult mouse

bone marrow in whole body exposure to 250 KV X rays. She added

that, by correcting the marrow dose, Sinclair (Argonne Nat. Lab., Ill.,

USA) has been able to bring the RBE figures for lethality in rats

and mice into harmony with those for uncalcified organisms.
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I. INTRODUCTION

As early as 1903 it was discovered that X rays could produce

changes in the haemopoietic tissues (Senn,1, 2) and some excellent

radiation haematology was done during the next few years.

Heineke's3,4, 5) pioneer work is very well known but other very

early workers (e.g. Milchner and Mosse6); Aubertin and Beau-

jar&); MorrisS); Benjamin, v. Reuss, Sluka and Schwarz9);

Krause and Zieglerl0), and Warthin)11), also had a remarkable

insight into the changes which followed irradiation and the prob-

lems which they posed. That the subject still has its fascination

and, indeed, its problems is clearly demonstrated by the present

series of papers. They also demonstrate how many facets there are

to radiation haematology and how many techniques may be used.

2. CHANGES IN PERIPHERAL BLOOD

Three of the papers in this session are based on the simplest of all

haematological investigations, namely, examination of the periph-

eral blood. The increase in neutrophil granulocytes which occurs

shortly after irradiation is not as well recognized as it ought to be

and it is certainly not easy to explain. However Forssberg, Tribukait

and Osterdahl c) present data which suggest that irradiation in the

region of the liver is important in producing the increase. Whole-

body irradiation of guinea-pigs with 300 r of X rays gave the ex-

pected increase in neutrophils 4 hours after exposure, and irradia-

tion of the right half of the body or a small field (2.5 × 3.0 cm)

over the liver also produced a neutrophilia. Irradiation of the left

half of the body or the same sized field over the left part of the in-
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testinedid notproduceaneutrophilia.MaloneyandPatO2),who
arealsopresentingapaperin thissession,consideredthat theearly
neutrophiliaafterirradiationwasdueto mobilizationfromvascular
reservoirs.It isinterestingtospeculatewhetherForssberget al. have

identified an important area of that nature or whether other fac-

tors, e.g. hormonal, are at work. They also report a statistically

significant increase in the numbers of blood lymphocytes after irra-
diation of the small field on the left side of the abdomen i.e. the

side which did not initiate a neutrophilia.

Leucocyte changes after half-body irradiation are also reported

by Hansen, Michaelson and Howlandd). They were concerned

mainly with recovery and their dogs were irradiated over the cra-

nial half only. With their lower doses i.e. 800 r and 1000 r, the

shielded marrow was capable of producing enough cells to pre-

vent death. One might imagine that the shielded marrow would

be able to colonize the damaged marrow, but in spite of this possi-

bility the granulocytes and lymphocytes were still below normal at

60 days after irradiation, in one instance being 55 to 60 per cent of

normal. Animals given higher doses, i.e. 1500 r and 1750 r, devel-

oped infective lesions of the mouth with ulceration and haemorr-

hage. Those which survived produced a sharp rise in granulocytes

at that time, up to 133 per cent of the initial count. It is interest-

ing to note that, although recovery was by no means complete at

60 days, these animals could produce sufficient granulocytes to cope

with a severe infection as early as 21 days after irradiation.

Shively, Warner, Miller, Kurtz, Andrews and WoodwardJ) watch-

ed the recovery of swine which had been exposed to gamma rays

and neutrons from a nuclear detonation. During the first 2 years

the chief clinical difference from the control group was that the

survivors of a mid-lethal dose gained less weight. The erythrocyte

sedimentation rate, haematocrit and haemoglobin of the irradiated

animals did not differ from those of the controls, and the reticulo-

cytes and platelets returned to normal at 2 months after irradiation.

The white cells took longer to recover, those of the mid-lethal group

returning to normal at 10 months. The authors recall that the white

cell count in burros took 2 years to recover, and that of the Marshall

Islanders even longer. White cell recovery in the swine was, there-

fore, much quicker than in other species. Such results should warn

us of the danger of using experimental data from one species to
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judge the time when recovery would be expected in another spe-

cies (e.g. man). Some of Shively's swine were given a dose of

X rays (380 r to 650 r) 4 months after the original experiment.

In these animals a low white count persisted for 2 years.

3. COMPARISON OF DIFFERENT SPECIES

We have two other papers which compare haematological chang-

es in different species. Maloney, Part and WebeV) compared neutro-

phils in the dog and monkey. They first followed the appearance

of tritium-labelled neutrophils in the blood of normal dogs and

monkeys and concluded that the chief difference was that the mon-

keys had a larger reservoir of mature neutrophils in the marrow.

After 1000 r of X rays the neutropaenia developed very similarly in

both species except that it began about a day later in the monkey,

presumably because the monkey has a larger reservoir of neutro-

phils in its marrow. It would be interesting to know whether there

is any indication of the different size of these reservoirs in the myelo-

grams of the two species. The authors state that they have also

studied data from mice, rats, hamsters and rabbits, and conclude

that the initial injury to the granulocyte series is similar in all species

but that differences exist in the kinetics of recovery.

Ludwig and Kohn e) examined the bone marrow to see whether

differences in radiation response could be correlated with differen-

TABLE 1

LD 50/28 days and total nucleated cells in the marrow of irradiated and unirra-
diated animals (Ludwig and Kohn).

LD 50

(rad)

Total nucleated cells in marrow

Controls Irradiated as % of control

(cells per mm 4 days 10 days 18 days

of shaft) after after after
( × 10o) 250 rad 250 rad 250 rad

BABL/c mice 540 1.8-2.3 34-29 77-52 66
C57B1 mice 620 2.0 61 96 106
BALB/c
x C57B1 mice 645 1.7 39 97 89
A mice 630 0.78 38 63 -
Chinese hamster 825 0.5 54 70 119
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ces in mean lethal dose (LD 50). Table 1 shows the 28 day mid-

lethal doses of the animals they used viz. : 3 inbred strains of mice,

a hybrid between two of the mouse strains and Chinese hamsters.

A dose of 250 r, well below the LD 50, was used. The mouse with

the lowest LD 50 (BALB/c) had the highest control marrow count,

but the percentage of nucleated cells remaining in the marrow at

4 days was the lowest of the group. The 18 day percentage suggests

that the strain took longer than the others to regain the control

level, a finding which emphasizes Maloney et al.'s remarks on the

importance of the kinetics of recovery. The LD 50 of the hybrid

strain was higher than either of the parent strains, but the percent-

age of the nucleated cells at 4 and 18 days indicated an interme-

diate response between the two strains. The Chinese hamster had

the highest LD 50 and the lowest control marrow count, but Lud-

wig and Kohn do not consider that the total marrow counts indicate

a more rapid recovery. However the hamster's most immature un-
differentiated cells were not decreased in numbers at times when

the same cells were definitely low in the mice, and the authors

think that this may be the reason for the hamsters' high LD 50.

It must not be presumed that a return to normal cellularity

(Table 1) necessarily indicates that the marrow has permanently

recovered. Hansen et al. have emphasized how long haemopoiesis

takes to recover completely and a temporary return to normal

values in haemopoietic tissues has frequently been reported. Indeed

in this session Osmond's paper on lymphopoiesis demonstrates such

a temporary recovery.

4. LYMPHOCYTES

Osmond i) irradiated anaesthetized guinea-pigs with 150 r of gamma

rays and examined lymphocyte changes in a number of situations

by means of tritiated thymidine labelling and, where possible, by

total cell counts. He chose a relatively long post-thymidine inter-

val in order to obtain near-maximal labelling of small lymphocytes.

After irradiation there was a rapid reduction in lymphocytes of all

sizes (Fig. 1). Shortly afterwards an increase in numbers occurred,

and at 3 and 4 days after irradiation the ratio of labelled medium

and large lymphocytes (i.e. those synthesizing DNA) to labelled

small lymphocytes was much greater than usual. As a long post-

thymidine interval of about 25 hr was used, Osmond considers that
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this difference in the proportions of the two groups of cells was not

merely due to the less mature cells being labelled first, and he con-

cludes that the mitotic cycle was prolonged at that time. The tem-

porary nature of the first increase became apparent at 11 days when
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Fig. l. Effect of whole-body irradiation (150 r) on the numbers of labelled small

lymphocytes and labelled large and medium lymphocytes in thoracic duct lymph

24 to 36 hr after administration of tritiated thymidine (1 yC/g) (Osmond).

a second reduction occurred. Osmond suggests that this pattern of

recovery may indicate that the initial increase in cell numbers is

due to the proliferation of surviving but nevertheless damaged cells
which die after a limited number of divisions. He thinks that the

low number of labelled cells seen at 11 to 15 days may denote either

changes in a dying population of cells or the appearance of new

cell lines which at first have a longer generation time. Similar re-

sponses occurred in other situations but in the thymus the timing

was different and this has made Osmond consider the possibility

that there may be a prolonged retention of lymphocytes in that

organ.

5. BONE MARROW RESPONSE IN MAN

In radiobiology we sometimes try to relate our observations on

animals to possible human exposure. Davydoff-Alibert and Brouil-

let a) have done more than speculate. They have studied hospital

patients directly, determining the mitotic index of bone marrow

after therapeutic whole-body irradiation. Unfortunately none of
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their patients had a normal mitotic index before irradiation and,

of necessity, their observations were rather infrequent. Consequently

they do not reach any general conclusions but nevertheless their

findings are full of interest. Three patients were given a single dose

of gamma rays and two patients received two doses with a four day

interval between. After single doses of 100 rad or 250 rad the

erythropoietic mitotic index was soon reduced (Fig. 2). Recovery
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1 1OO rad

0 J. .... _/ ......... _ __ _ -
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1

0
10 20 30 40 50 60 >
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Fig. 2. Changes in the mitotic index of the erythropoietic and granulocyte series

in the bone marrow of five patients given whole-body irradiation. Where two

doses of radiation are quoted there was an interval of 4 days between the two

irradiations (Davydoff-Alibert and Brouillet). -- Erythropoiesis;

..... Myelopoiesis.

ensued but at about 30 days a second reduction occurred, and at

the same time a similar reduction was seen in the patient who

received 50 rad. The lack of an early fall of erythropoietic mitotic

index in the patients given two doses may, as the authors suggest,

be due to their first examinations in these patients being rather late.

They think that the fall in this index which occurred between 20

and 30 days after two doses may be an earlier manifestation of the

fall which occurred at 30 days in the patients who received a single

dose. The patient given 208 ÷ 170 rad (Fig. 2) was the only one

with a normal granulopoietic mitotic index before irradiation and

was the only one showing a convincing fall in that index.
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6. FOETAL HAEMOPOIESIS

The effects of radiation on foetal haemopoiesis is only rarely studied,

but Duplan b) has assembled some interesting data on radiation

exteriorized and each foetus irradiated separately through the uter-

ine wall, the doses being 240, 580 or 960 r of X rays. Irradiations

were performed on the 13th, 14th or 15th day ofintra-uterine life

and the liver was examined daily for the next 3 or 4 days. The

weight of the liver measures the effect of radiation on both the
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Fig. 3. Upper 3 graphs: changes in weight of foetal liver after irradiation on the

13th, 14th or 15th day of intrauterine life. Lower 2 graphs: changes in the ratio

of haemopoietic cells to liver cells in the foetal liver after irradiation on the 14th

or 15th day of intra-uterine life. (Duplan.)
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haemopoietic tissue and the liver cells (Fig. 3, upper part). The

changes observed depended on the age at which the foetus was irra-

diated. After irradiation of 13 day and 14 day foetuses the normal

rate of increase in liver weight was retarded but after irradiation

on the 15th day of foetal life the much less pronounced slowing

down of growth rate occurred only after the highest dose.

The amount of change due to haemopoietic damage was asses-

sed from the ratio between haemopoietic cells and liver cells (Fig. 3,

lower part). Irradiation of the 13 day foetus did not alter this ratio,

indicating that liver cells at that age were as sensitive as haemopoie-

tic cells. Severe changes were noted when irradiation was on the

14th or 15th day. After irradiation on the 15th day signs of recovery

were seen on the third day after irradiation but when a dose of 580 r

or 960 r was given on the 14th day of intra-uterine life there were

no signs of a return to the normal ratio during the experimental

period. From previous experience with adult mice of the same strain

Duplan thinks that the haemopoietic tissue of the 13 to 15 day foetus

may be less sensitive than that of the adult mouse.

7. PLATELET SIZE

Spertzel, Bucci and Ingramk) studied an unusual parameter, namely

100

g
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dogs dogs

WINDOW NO O 5 IO 15 20
_, 4, ,l ,1 1

PLATELET VOL (_3) 500 14.24 2348 5272 51.20

Fig. 4. Platelet volume distribution in male and female dogs. The volumes were

measured with a Coulter Counter Model B; "window no." refers to the way in

which particle sizes were recorded. (Spertzel, Bucci and Ingram.)
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that of platelet size. By means of an automatic counter they meas-

ured the frequency in which platelets of different volumes were

found in the blood of male and female dogs. Consecutive weekly

samples taken from the same unirradiatcd animal were very consist-

ent but there was a remarkable sex difference, platelets of females

being larger and having greater range in size (Fig. 4). After estab-

lishing the normal size-pattern a group of animals was given 450 r

of X rays. Changes after irradiation in one of the dogs are shown in

Fig. 5, the size and size distribution being summarized by plotting

the range of sizes into which 50 percent of the platelets fell. During

the first seven days there was a slight decrease in the number of

larger platelets, but from 11 to 21 days the thrombocytopaenia was

too severe for measurements to be made. At 28 days the range of

sizes was greater than normal and there was a shift towards larger

sizes. At later times these increases subsided and pre-irradiation

levels were regained at times ranging from 46 to 113 days after irra-

diation (Fig. 5).

PLATELET SIZE CHANGE FOLLOWING X-IRRADIATION
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Fig. 5. Changes in platelet size in a dog given 450 r of whole-body X irradiation.

(Spertzel, Bucci and Ingrain.)

The authors have not as yet suggested any reason for these

changes. The haematological literature contains occasional refer-

ences to variations in platelet size (WintrobeaS)) so presumably the

changes they describe are not confined to radiation damage, It
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maybe worthconsideringwhetherthe contractilevacuoleswhich
havebeendescribedin platelets(Bessist4))play anypart in the
changesin sizeafterirradiation.

8.IRONMETABOLISM

Threeof ourpapersareconcernedwith the redcell series,two of
themwith iron metabolism.Sztanyik,Gesztiand Mandil), using
59Fe, studied five different factors in whole-body irradiated rabbits

and mice. They found that plasma iron clearance times were in-

creased at one day after irradiation; the higher the dose the longer

the injected59Fe took to leave the circulation (Fig. 6, upper graph).

rain
500 _

300

lOO

O/o
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50

U normal control Im
1:3100¢
g300*
0600*
Q90O*
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1 2 4 8 12 16 20 24 72 h
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Fig. 6. Upper graph: Mean values

of plasma iron clearance half-time

of rabbits at various times after

irradiation. Lower graph: Incor-

poration of 59Fe into the erythro-

cytes of mice given 600 r of X

rays. The abscissa gives the time

after irradiation when the 59Fe

injection was given. The ordinate

shows the activity of the peripheral

blood 72 hr after 59Fe injection

expressed as a percentage of the

injected dose. (Sztanyik, Geszti

and Mandi.)

At 2 days the clearance times were even greater but at 3 days animals

given 100 r and 300 r showed signs of recovery. The plasma iron

concentration was increased after irradiation and remained high for

3 to 5 days, the maximal values being linearly related to the loga-

rithm of the dose. The plasma iron turnover was decreased at one

day but was normal on the second and third day. The amount of

iron incorporated into the mature red cells in the blood (Fig. 6,
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lower graph) was markedly reduced very soon after irradiation and
was almost zero from 24 to 96 hr after 600 r. The authors also

noted that after irradiation the proportion of iron in the liver and

kidneys increased, but in the spleen it decreased.

Maussg), who used rats for his experiments with 59Fe, is also in-
terested in the fate of the unused iron. He confined his attention to

plasma iron clearance and plasma iron turnover and used part-

body as well as whole-body irradiation. The two measurements

agreed well, and the plasma iron turnover can be used to demonstrate

his findings (Fig. 7). There was a marked reduction immediately

] 30 [_L_ immediately after _rradiation
3 days after irradiation

1001 !'

? i
I

A B C D

Fig. 7. Plasma iron turnover in rats after 1600 r. (Mauss.)

A Whole body irradiation C Bone marrow only irradiated

B Liver shielded D Liver only irradiated

after 1600 r of whole-body irradiation and an even greater reduction

at 3 days after exposure. If the region of the liver was shielded, or

if, by a series of shieldings, the irradiation was confined mainly to

the bone marrow, the effect of the radiation was reduced. Similar

but less pronounced changes occurred after 800 r. When an animal

is given an intravenous dose of 59Fe the iron may go to wherever

erythropoiesis is taking place, and to those places where iron is nor-

mally stored. The liver is one of these stores, and Mauss found that

when erythropoietic tissues were irradiated but the liver was not

irradiated then the effect of the radiation was less (Fig. 7). He con-

cludes that irradiation interferes with the storage of iron in the liver.

He also irradiated the liver region by itself and found that the plas-

ma iron turnover was increased (Fig. 7) and the plasma iron
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concentrationdecreased.He thinksthat in thiscasetheirradiation
maybecausingiron to leavethe liver. Otherworkerswho have
usedsimilar techniqueswill no doubt wishto discuss,bothstat-
isticallyandtheoretically,thesignificanceof thesefindings.It is in-
teresting,however,that outof thesetwelvevariedhaematological
papersfour areconcernedin onewayor anotherwith the liver.

9. REACTIONTIMEOFOXYHAEMOGLOBINWITHNITRITES

Finally, we turn to the paperby Metcalfh).He reportsthat 1/30
rad of whole-bodygamma-irradiationcan causea measurable
changein thebloodof rats.Hisratherunusualtestinvolvestreating
asuspensionoferythrocytesfromtheirradiatedanimalwith aniso-
tonicsolutioncontainingsmallamountsof nitrites.The red oxy-
haemoglobinthen changesinto brownmethaemoglobinand the
speedof thereactioncanbemeasured;Metcalfcallsit the"reac-

80I60
, , , , , , % 'O 4 1 16 20 24 28 32 40

DAYS

1 I I I I
_20/ O 4 ,9 12 16
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Fig. 8. Reaction time* in seconds at various times after whole-body irradiation

with 2 equal doses of gamma rays. Groups of 4 to 5 adult rats were used. The

standard deviation is approximately 4- 4 sec. (Metcalf.)

Upper graph: after first dose Lower graph: after second dose

0 --0 each dose i/s0 rad

• -- • each dose 1/i0 rad

×-- × each dose i/3 rad.

* Reaction time is the interval between mixing red cell suspensions with nitrite

solution and the first visually detectable colour change from the red of oxyhaemo-

globin to the brown of methaemoglobin.



RADIATION HAEMATOLOGY 347

tion time". After 500 rad the reaction time was reduced very soon

after irradiation and the alteration lasted 3 months. After small

doses, e.g. fractions of a rad (Fig. 8), it is several days before the

fi,!! effect i_ nbtained. Eventually the reaction time returns to nor-

mal but if the rat is then irradiated a second time the changes in

reaction time occur very much sooner. The mechanisms involved

are as yet completely unknown. It may not be possible to use the test

to detect minute exposure in man because other insults and various

pathological conditions produce the same sort of change. However

it is of great interest that the effect of such low doses can be demon-

strated by means of changes in the haemopoietic system.
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DISCUSSION

P. J. ROYLANCE

Physics Department, Institute of Cancer Research, Royal Cancer Hospital,

Belmont, Sutton, Surrey, Great Britain

ShivelyJ) wished to emphasise that in their studies on swine, it seem-

ed likely that recovery from a second irradiation was slower than

from a single irradiation. The experiments were however not strictly
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comparable as the swine recovering from a second irradiation were

twice the age of the other animals. This age difference might be an

important factor.

GesztP) noted that she had found diminished iron uptake 5 to

10 min post-irradiation with 600 r in mice. As the number of iron

incorporating cells in the bone marrow was normal at this time it

was possible these cells had suffered considerable damage. Geszti

mentioned that Metcalf h) had also observed the peripheral red

blood cells were damaged. By treating red cells or haemoglobin solu-

tions with hydrogen peroxide Geszti had overcome the extinguishing

effect of haemoglobin on the fluorescence of certain dyes. This hy-

drogen peroxide action is much reduced when the blood is from

tumour-bearing patients or irradiated animals, a measurable dif-

ference in intensity of fluorescence induced by fluorescent dyes being

detectable in a few hours following irradiation with a small dose

such as 25 r. She thought the underlying mechanism might be due

to a change in methaemoglobin formation, which she had since

confirmed by spectrophotometry. As a result of Metcalf's work she

had tried nitrites instead of hydrogen peroxide and found the effect

more marked. In congenital methaemoglobinaemia there was a

marked diaphorase deficiency, and a similar enzyme deficiency in

the red cells might be responsible for the phenomena found by her-
self and Metcalf.

In reply Metcalf said that in 48 hours the same increased haemo-

globin sensitivity could be induced in rats by starvation alone.

Riboflavine and riboflavine alone given subcutaneously seemed able

to restore the reaction time to normal. He felt this supported Geszti's

impression that a flavoprotein enzyme may be involved. Following

a query from Patt (Argonne Nat. Lab., Argonne, Ill., USA) the author
stated that it was of little value to irradiate cells in vitro and then

test them, as under these conditions the reaction can be easily upset.

Upton (Biol. Div., Oak Ridge Nat. Lab., Oak Ridge, Tenn., USA)

asked if Osmond i) had observed any evidence of direct labelling of

the small lymphocyte. This possibility was suggested by the similar

pattern of labelling with tritiated thymidine of the large and small

lymphocyte, as a function of time.

Osmond replied that the small lymphocyte in the thoracic duct

is not a DNA-synthesizing cell, and labelled small lymphocytes

do not appear in thoracic duct lymph until 2 to 3 hr after the ad-
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ministration of tritiated thymidine. Thereafter there is an increase

in the proportion of labelled small lymphocytes to labelled large

and medium lymphocytes. He said that in all the present studies a

constant post-thymidine interval of 24 to 26 hr was employed. At

this time approximately 40% of the labelled cells in the thoracic

duct lymph were normally of the small lymphocyte variety.

Upton noted that the size variations in platelets observed by

Ingram and her colleagues k) might be consistent with the concept

that platelets decrease in size with age, as observed by Odell et al.

in rats. He then requested fuller details on the method of platelet
size determinations.

Ingrain answered first that they studied the platelets after sedi-

menting blood with polyvinylpyrolidone. She felt that it was rea-

sonable to conclude, from a histogram of platelet volume against

frequency of occurrence, that their results were both accurate and

reproducible. From clinical studies, there was evidence that large

platelets appear when platelet production is resuming after injury,

and in disease, such as idiopathic thrombocytopaenia purpura, or

following thrombotoxic agents. It was presumed these were imma-

ture platelets. However they needed more information as there may

be an osmotic factor involved which could produce similar results.

Foissac (Dept. Biol., Commis. a l'I_nergie Atomique, Gif sur Yvette,

S & O, France) asked what was the method used by Ludwig and

Kohn e) to find the total and individual absolute numbers of bone

marrow cell types. Ludwig explained they suspend a known volume

of marrow in a known volume of medium which contains spores in

a precisely known concentration. Smears are then made and it was

assumed that both bone marrow cells and the standard particles

were distributed randomly. With a light microscope the ratio of

cells to spores is counted. This will then give the total cell concen-

tration, and that of any particular cell type as necessary. The advant-

age of the method over other methods of counting is that once the

smear is made the count can be carried out at any convenient time
afterwards.

Nagy (Inst. for Med. Physics, Budapest, Hungary) stated that he had

given whole body irradiation to rats at doses from 25 r to 500 r,

followed by intraperitoneal methionine-35S. 24 hr later the animals

were bled and the blood centrifuged into red cell, white cell and

platelet fractions and tested for methionine-35S activity. He found

350
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the activity of the platelet fraction increased with increased doses

of irradiation whereas the activity of the other two fractions de-

creased. These changes and differences are marked up to a dose of

100 r but above this the differences were less obvious.

Sacher (Argonne Nat. Lab., Argonne, Ill., USA) said he had studied

donor labelled mouse red cells injected into a normal mouse. If

these cells were irradiated before injection they died sooner, and at

the same time there was a decreased reutilization of iron. There was

perhaps abnormal metabolism of iron after it had been liberated

from the cell in a possibly abnormal death process.

Maussg) emphasized that it was important, in iron studies on the

liver, to distinguish between experiments in which the liver only had

been irradiated and those in which whole body irradiation was given.

If the whole body is irradiated then the iron content of the liver

will increase because the irradiated bone marrow will have a reduced

iron incorporation. Any decreased ability of the liver ceils to take

up iron will be masked by this effect.

Pietrantoni (Dept. of Radiol., OspedaIe Galliere, Genova, Italy) asked

if Mauss had studied the effect of irradiation on the incorporation

of SgFe into developing red cells. Mauss thought the results of irra-

diation on iron incorporation were similar to the effects of irradia-

tion on serum iron levels. After whole body irradiation iron incor-

poration in red cells is reduced to almost zero, but if the liver is isolated

and irradiated there is a slight increase in iron incorporation which

on the tenth day is of the order of 8 to 10% . In order to study early

changes in iron turnover following irradiation, he no longer was

using 59Fe incorporation in bone marrow, which necessitated a 24

hr delay before making observations, and was now studying serum

iron levels which enabled him to obtain data from 16 minutes after

irradiation.

Kowalski (Inst. of Nuclear Res., Warsaw 9, Poland) noticed that his
results on iron metabolism in irradiated animals were similar to

those of Geszti and Mauss. He found that the plasma iron level

increased at the same time as the iron in the organs increased, partic-

ularly in the spleen, and wondered if the authors could explain this.

Mauss said he had made no study of the spleen. He had found a

definite increase in the serum iron level following whole body irra-

diation, and possibly as the bone marrow had been irradiated at the

same time the available iron may go to other organs.



RADIATION HAEMATOLOGY 351

Manoilov (Inst. of Pharm. Chem., Leningrad, USSR) added that they

had been studying alterations in the mechanism of iron incorpora-
tion and found that any decrease in the synthesis of iron-incorporat-

ing compounds is associated with a decrease of general cellular bio-

logical activity. He felt that radiation acts specifically on iron-incor-

porating substances taking part in the tissue respiration processes.
This might result in a disturbance of electron-transference and there-

fore a reduction in the general level of bio-energy in the cell.
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1. INTRODUCTION

By way of introduction, I must explain for those of you not engaged

in this field of radiation research what is meant by the archaic term

radiation chimaera. It has been known for twelve years t) that mice

which received a large whole-body dose of radiation could be saved

from death by treatment after the event. At first the treatment con-

sisted of the intraperitoneal implantation by surgery of portions of

spleen from young mice, but with time more sophisticated techni-

ques of intravenous injection of bone marrow, spleen, or liver from

embryonic animals have been developed. The fact that haemato-

poietic tissue from a species different from that irradiated was effec-

tive was at first thought to imply a humoral mechanism of action.

However, proof of the establishment of a haematopoietic graft was

soon obtained by a variety of techniques2-4). This coexistence of

tissues derived from different individuals in the one organism con-

stitutes a chimaera which was classically part goat, lion and serpent.

2. RADIATION TREATMENT AND BONE MARROW TAKES IN MICE

With the passage of time, the laboratory mouse has shown itself for
a number of reasons to be the animal most amenable to research in

this field. To an animal of this size the administration of a sufficient-

ly uniform dose of whole-body irradiation is easily performed and

is usually given in a single exposure lasting 10 to 20 min. With

larger animals and manS), fractionation of the dose is often neces-

sary and van Bekkum i) reports the effect on repopulation and sur-

vival of mice with syngeneic* bone marrow or rat bone marrow

*) I am using the terminology where syngeneic means antigenically identical,

allogeneic means of the same species but different genetically, and xenogeneic of

different species.
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following doses of radiation divided into 2, 3, 4 or 5 fractions. The

results which are summarized in Fig. 1 show (i) that rat bone mar-

row is less effective than syngeneic bone marrow and that fractiona-

tion accentuates this effect; (ii) with three fractions rat bone marrow

increases the mortality over irradiated but otherwise untreated ani-

mals at the mid-lethal dose level and (iii) that chimaerism with a

permanent take of rat bone marrow only results from radiation do-

ses in the 90 to 100% lethal range.

3. IDENTIFICATION OF HAEMATOPOIETIC GRAFT

Identification of the foreign cells within the irradiated animal was

a problem which was solved in a number of different ways. In these

experiments reported by van Bckkum, circulating rat erythrocytes

were identified by agglutination with specific antiserum, and granu-

locytes of rat and mouse can be distinguished by the alkaline phos-

phatase reactionS.7). Other immunological methods s) and cytolo-

gical methods 4) involve the sacrifice of the animal to be typed. Anoth-

er method of identification is by the haemoglobin specificity of the

red cells. Techniques recently developed by Popp h) have increased

the sensitivity of this method and thereby reduced the size of sample

required. By his electrophoretic method 9) the relative quantities of

mixtures could be determined within l0 to 20O/o . Determination of

the solubility of carbonmonoxyhaemoglobin in high concentration

of phosphate buffers has advantages on this method. A large number

of separate estimations, each requiring only 0.1 ml of blood, can be

done in one day, and two or more haemoglobins in a mixture can

be distinguished within ±5O/o . Further, breakdown of the haemo-

globin molecule by tryptic hydrolysis yields characteristic peptide

patterns on paper chromatograms. Some thirty peptides can be dis-

Fig. 1. Therapeutic effect of bonemarrow transplantation following fractionated

irradiation. From top to bottom: results for 2 to 5 daily irradiations

-- untreated controls.
.... rat bone marrow.

...... syngeneic bone marrow.
Minus and plus signs at the top of each graph represent the findings in groups
of surviving rat bone marrow treated mice subjected to the radiation doses
indicated: -- : reversals. + : mouse/rat chimaeras. Arrows indicate the minimal
dose level at which permanent chimaeras were produced in all experiments

(Van Bekkum.)
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L CHROMATOGRAPHY (a) L CHROMATOGRAPHY (b)

Fig. 2. Paper chromatograms showing ninhydrin-positive tryptic peptides of (a)
C57BL and (b) 101 globin. The peptides have been numbered for reference.
Differences are indicated by arrows: i.e. peptide number 27 is present on C57BL

chromatograms, but absent on the 101 one. (Popp.)

tinguished (Fig. 2). Analyses in this detail fail to show any difference

between haemoglobin from erythrocytes of chimaeras and from

erythrocytes of normal animals of the donor strain.

4. EFFECTIVE NUMBER OF CELLS AND THEIR ORIGIN

It has been known for some time 1°) that the quantity of myeloid

tissue required to save the irradiated mouse must be increased pro-

gressively with increasing genetic diversity; thus the largest amount

of bone marrow is required from the rat. Davies and Cross e)

have been following survival and the recovery of the peripheral

blood picture in chimaeras after varying quantities of syngeneic

bone marrow. Only their largest dose (107 cells) gave 100% survival,

and doses from 2.5 × 104 to 1 million cells all gave about 80% sur-

vival. The peripheral blood leucocyte count was restored to normal

within ten days by the largest dose of bone marrow, but progressively

smaller doses of marrow did not give shorter survival. In a further

experiment, doses of 107 syngeneic or allogeneic bone marrow cells

were found not to differ in their effect on the peripheral leucocytes

within 48 hours after irradiation. It is concluded that the granulo-
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cyte is the critical cell required in the peripheral blood for survival

of the mouse after irradiation and a granulocytopaenia lasting for

more than 12 days was always associated with subsequent death.
(3,,nl;tntlxrolv nl_n the cP11-tvnP nf"tho rnvoln;cl t;_l,_ wh;r-h lo_,,d_

to repopulation after irradiation has intrigued workers in this field.

Goodman and Hodgson n) have recently found evidence of stem

• cells in the peripheral blood of mice following the use of a white cell

suspension to treat lethally irradiated mice. A total of 20 to 70 mil-

lion cells had to be administered in up to three doses and the prob-

lem is to maintain the viability of the white cells while separating

as many as possible of the large mass of red cells. Recent results

relate to the use of lymph node cell suspensions and cells harvested

from peritoneal exudates. Of 90 recipients which received between

50 and 200 million lymph node cells, none was found histologically

to have any significant cellular proliferation in bone marrow or

spleen. 59Fe incorporation values for these mice were higher than

in controls which had received irradiation only, but did not ap-

proach those of other irradiated mice which received 50000 syn-

geneic bone marrow cells. Peritoneal exudate cells were harvested

from untreated donors and donors pretreated with glycogen intra-

peritoneally 1 to 2 days before. They consisted largely of small lym-

phocytes and reticulum cells. Histological examination of irradiated

recipients of these cells killed within the first 2 weeks did not show

significant marrow regeneration. However, cytotoxicity studies of

cell suspensions from spleen, lymph node and hypocellular marrow

showed the presence of donor cells.

5. RETICULOENDOTHELIAL STIMULATION

Previous sensitization of the host to donor antigens before irradia-

tionI2), or administration of iso-immune serum in very small quan-

tities from host strain animals sensitized to the donor-strainlS), each

prevents the survival of the marrow cells and the animals all die.

The importance of the reticuloendothelial system (RES) in the sur-

vival of injected foreign bone marrow is shown by Wooles and Di

Luziok). RES hyperplasia can be stimulated by the injection of

derivatives of yeast cell walls. The authors used glucan, a poly-

saccharide of molecular weight about 6500, or trypsinized zymosan,

a cell wall preparation, to stimulate the reticuloendothelial system
in mice which were then irradiated and treated with saline or with
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syngeneic, allogeneic or xenogeneic (rat) bone marrow. The results

are given in Table 1 and show no effect ofreticuloendothelial stimu-
lation in comparison with normal animals with syngeneic marrow

treatment, but a complete failure to survive in the RE hyperfunc-

TABLE 1

Influence of the functional state of the RES on transplantation of bone marrow
in X irradiated mice

Marrow 30 day Percentage
Recipient treatment survival*

Control -- 0/38 0

RE hyperfunctional -- 0/32 0

Control Syngeneic 23/26 88

RE hyperfunctional Syngeneic 24/30 80

Control Allogeneic 13/15 92

RE hyperfunctional Allogeneic 0/15 0

Control Xenogeneic 10/40 25

RE hyperfunctional Xenogeneic 0/37 0

* Values denote the number of mice that survived 30 days/the number which

was initially in the group. The mean data are derived from a series of 6 experi-

ments in the syngeneic, 3 in the allogeneic, and 7 in the xenogeneic groups.

(Wooles and Di Luzio.)

tional group with foreign marrow. I understand that studies are
under way with isotopically-labelled bone marrow suspensions to

determine whether the mechanism of action with foreign bone mar-

row is increased phagocytosis or enhanced antibody function or a

combination of these by the hyperfunctional RES.

6. AUTOGRAFTS

In larger laboratory animals and man we do not have the advantage
of the inbred strains of mice. For this reason, immunological reac-

tion by the host due to insufficient radiation causing a shedding of

the graft, and reaction by the graft against the host if chimaerism
is achieved, can usually be avoided only by the use of marrow re-
moved before irradiation and stored at low temperature until re-

quiredX4). It has proved difficult to produce chimaerism in dogs by
radiation and grafts of allogeneic marrowlS,x6). Burkle and his co-

workers a) report success with autografts of stored bone marrow after

lethal irradiation of dogs. They have found that at least 2500 million
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cells must be aspirated for the marrow to be successful. The marrow

was stored either in glycerol or the new agent dimethylsulphoxide

which is protective to cells during freezing 17) .They confirm that

dimethylsulphoxide is an improvement on glyeero{ _ince it does not

have to be removed after thawing and gives better cell counts and

cell staining of thawed specimens.

7. SECONDARY DISEASE

When foreign bone marrow was used in irradiated mice, it was soon

observed that long term survival was less good than when bone mar-

row from the same inbred strain was used. After three weeks or so,

the mice fail to gain weight, pass fluid faeces, waste progressively

and often die sporadically over the next one or two months. This de-

layed morbidity and mortality has been called "secondary disease".

Histological examination of a mouse in secondary disease reveals

that although the bone marrow is still cellular and active in erythro-

and granulopoiesis, the lymphatic tissue of nodes and spleen is aplas-

tic. This condition, with other evidence, leads to the conclusion that

secondary disease results from a graft-versus-host reaction with self-

destruction of the graft-derived immunologically competent tissue.

Doria e) has direct evidence of this immune reaction following trans-

fer into radiation chimaeras of spleen cells from mice sensitized to

rat red blood cells. Secondary disease may result, of course, if bone

marrow from the parent strain is used to treat irradiated F1 hybrid

TABLE 2

Secondary agglutinin response in irradiated (800 r) recipients by transferred

spleen cells presensitized against rat red blood cells. (Doria.)

Spleen cell Irradiated recipients

donors F1 P P anti F1

FI anti R

P anti R

x 11.79 11.14 0
sx 0.20 0.30 0
nx 14 14 12

x 11.00 11.33 10.93
sx 0.16 0.29 0.28
nx 16 12 14

P = G57BL/6 F1 = (G57BL/6 X DBA/2)F1 R = rat red blood cells
x = mean logs titre, sx = standard error, nx = number of observations.
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mice, although it does not arise in the reverse combination - parent

mice treated with F1 bone marrow18). Equally, mice of the parent

strain can be sensitized to F1 tissues before irradiation with the con-

sequence that F1 bone marrow will no longer take as a graft and
save the mouse from death. After irradiation, spleen cells from do-

nors sensitized to rat red cells were injected intravenously, followed

immediately by rat red blood cells intraperitoneally. Reproducible

results were obtained (Table 2) of secondary agglutinin response

in all groups except where the parent strain mice presensitized to

F1 antigens were injected with spleen cells from F1 donors. Similarly

the test gave uniform results (Table 3) in syngeneic chimaeras for-

med 7, 15 and 30 days previously. However where graft-versus-host

reaction was to be expected, the secondary agglutinin response was

slightly reduced at 7 days and considerably so at 15 and 30 days.

Other evidence 19) of early graft-versus-host reaction in allogeneic

chimaeras has been adduced from the failure of host-type skin grafts

TABLE 3

Secondary agglutinin response in irradiated (800 r) recipients by transferred
spleen cells presensitized against rat red blood cells. (Doria.)

Spleen cell Irradiated recipients Chimaeras

donors F1/F1 P/P F1/P age (days)

F1 anti R

P anti R

x 7.75 8.06 5.28
sx 0.22 0.33 0.55 7
nz 16 16 14

x 7.50 7.39 1.28
Sx 0.14 0.17 0.49 15
nx 22 18 18

x 8.00 7.91 1.40
sx 0.14 0.28 0.84 30
nx 10 11 6

x 10.40 10.17 10.11
Sx 0.39 0.33 0.26 15
nz 5 6 9

P = C57BL/6 x = mean logs titre

F1 = (C57BL/6 X DBA/2)F1 sz = standard error

R = rat RBC nx = number of observations

Chimaeras = irradiated host/bone marrow donor.
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Fig. 3. Appearance of skin grafts on Balb/c + CBA chimaeras 12 days after graft- 
ing. Upper, graft of host-type skin. Lower, graft of donor-type skin. (Doak.) 
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(syngeneic or autografts) to be accepted when applied to chimaeras

24 hr after formation, although skin grafts from mice of the bone

marrow donor strains were accepted. Factors in this rejection of

_lcln rr_ft¢ h_ve Been inve_tio'_tect by Dn_ka)_ Teehninne nf _r_ftincr

is the first point; if the graft is fitted tightly to the bed it survives

better than if it is placed centrally in a much larger bed referred to

as "open - style" grafting. The thickness of grafts of h0st-type skin

are found to be 3 or 4 times greater than those of donor-type skin

(Fig. 3). The oedema of the graft has led Doak to investigate the

effect of removing the "ghost" surface layers at deplastering which

leads to drying and reduction of graft acceptance (Table 4). A fur-

TABLE 4

Survival of host-type grafts ofBalb/c (BM) --_ CBA radiation chimaeras. (Doak.)

State of grafts at 20 days

Accepted Vestigial Rejected

Ghost intact 10/11 1/11 0/11

Ghost removed 6/17 9/17 2/17

Ghost removed

Fitted grafts 3/8 5/8 0/8

Open-style grafts 3/27 4/27 20/27

Ghost intact

Non-irrad. open-style grafts 5/5 0/5 0/5

Irrad. open-style grafts 4/13 6/13 3/13

Ghost intact

Non-irrad. fitted grafts 5/6 1/6 0/6

Irrad. fitted grafts 3/8 4/8 1/8

ther distinction noticed between open and fitted grafts was the de-

gree of epidermal hyperplasia. Irradiation of the skin donor was

performed to stimulate epithelial activity and this resulted in a re-

duction of the number of accepted grafts by either technique in

comparison with non-irradiated grafts.

8. AVOIDANCE OF SECONDARY DISEASE

Clinical applications of the principle of the radiation chimaera

would involve the problem of the avoidance of secondary disease.

It was noticed that secondary disease was reduced in mice if foetal
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haematopoietic tissue was used in place of bone marrow2°,21). This

was attributed to a maturation of the immunological capacity of

the injected tissue within the new host and thereby specific actively

acquired tolerance 22) of the new environment.

Another approach to the problem is the removal of the immuno-

logically active cells from the marrow suspension before injection

into the irradiated recipient. Cudkowicz 23) has subjected mice des-

tined to be donors of bone marrow to 400 to 500 r of X rays, and

found a reduction in the incidence of secondary disease in alloge-

neic recipients. Pretreatment of the irradiated donor mouse with

the radioprotective drug s,fl-aminoethylisothiouronium. Br.HBr:

(AET) improved survival when the marrow was used in lethally

irradiated recipients. It was suggested that AET showed a greater

protective action for the haematopoietic cells than for the immuno-

logically competent cells during the pre-irradiation of the donor.

His latest results b) follow pre-irradiation of donor cells in vitro,

both bone marrow and spleen cell suspensions. The constitution of

the surviving animals has been determined by the haemoglobin

characteristics using Popp's technique.

The results in one experiment are shown in Table 5. It is worth

noting that with more radiation pretreatment there was more rever-

TABLE 5

Survival of lethally irradiated (C3H × 101 )F1 mice given (C57BL/6 X DBA/2) F1

marrow cells pre-exposed in vitro to X rays. (Cudkowicz.)

Donor cells

Pretreatment
No. infused No.

per recipient mice
( X 107)

Recipients

Haemoglobin
Surviving 90 days after

transplanation

40 day 90 day DonorMixed Host
(no.) (%)(no.) (%) (no,)

None 0.5-2 40
None 4.0-8 40
300 r 18 40
AET + 300 r 15 60
400 r 20 40
400 r 30 50
AET + 400 r 20 40
AET --b 500 r 30 40

6 (15) 0 (0) 0 0 5*
24 (60) 10 (25) 10 0 0
32 (80) 23 (57) 23 0 0
54 (90) 45 (75) 45 0 0
20 (50) 10 (25) 7 0 3
41 (82) 34 (68) 20 8 6
27 (68) 20 (50) 10 0 10
28 (70) 28 (70) 0 0 28

* 60 days after transplantation.
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sion to host-type haemoglobin, suggesting that there might have

been a "tiding-over" by the large white cell infusion in a manner

similar to that suggested by Goodman's_) results with peritoneal

exudates. The experiment with irradiated spleen tested concurrently

the haematopoietic and immunological activity of the suspensions
using lethally irradiated syngeneic recipients for the former and sub-

lethally irradiated Ft for the latter, as admirably displayed in Fig. 4.

"°' [.o'.°:o,,j'1:o.°..o-o.I , o o,
NO AET AET

LETHAL DOSEf SUBLETHAL DOSE/

\ /
SURVIVAL DUE TO o MORTALITY OUE TO •

o HEMOPOIETIC CELLS

• IMMUNOLOGICALLY COMPETENT CELLS

X-RAYS

ExpertmentolScheme

Fig. 4. Design of experiment with spleen cells exposed to X rays in vitro, with and

without AET, and then transplanted into two types of recipient. On left, lethally

irradiated syngeneic recipients to test haematopoietic activity. On right, sub-

lethally irradiated F1 hybrids to test immunological capacity to induce lethal

wasting disease in the recipients. (Cudkowicz.)

The ability of AET to protect the haematopoietic cells, with very
little effect on the immunologically competent cells, is illustrated in

Fig. 5.

3 G5
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Fig. 5. Survival of irradiated recipients of C3H spleen cells preexposed in vitro to

200 r X rays. (Cudkowicz.)

TABLE 6

Immunological interactions of two cellular grafts in the environment of lethally

irradiated CBA mice. (Lengerov_, Micklem and Clarke.)

Experi-

ment
Origin of the grafts

Relative fre-

quency of di-

viding cells in

bone marrow,

spleen and

lymph nodes

scored 5 to 22

weeks after in-

oculation.

Interpretation

(CBA x A) F1

(r6--)

(C57BL

x T6T6), or

(A x T6T6)F1

(T6+)

!
J
I

T6--

embryonic

adult

embryonic

embryonic

755*

787

T6+
Mutual

198" tolerance

between

embryonic

T6-- and T6+

ceils

1+1? Immunity of
adult T6-- to

embryonic

T6+ cells

* T6+ cells were administered 1 to 10 days after T6-- cells.

2
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9. ACQUIRED AND SPECIFIC TOLERANCE

LengerovA24, _5)has previously shown that embryonic graftscan ac-

quire tolerance in the chimaera. The method adopted was to pre-

pare chimaeras with a mixture of embryonic livercellsfrom two

differentstrains.If they did not show mutual tolerance then the

...................... xp .... d to _"+ ...... +_".... e +u_ ^+1. __JuL_xuv¥ LaL',._OI._ VX LIIL L)LIICl.

Extending these observations to a mixture composed of embryonic

liver from one strain and adult bone marrow cells from another,

LengerovA, Micklem and Clarkeg) have evidence that adult cells do

not show tolerance. The two types of cell were distinguishable cyto-

logically and the adult cells outgrew the embryonic cells (Table 6).

It could be argued that this preponderance was due to an advant-

age in proliferation rather than for immunological reasons. This,

however, is not borne out by another experiment designed to test

their relative capacities for proliferation where no immunological

incompatibility existed (Table 7).

TABLE 7

Comparison of the proliferative activity of adult bone marrow and embryonic liver

cell grafts without the interference of immunity. (Lengerovfi, Micklem and Clarke.)

Hosts: CBA males irradiated 1000 rad.

Donors: bone marrow CBA-T6T6 _ (3 to 6 × 10 6 cells/mouse)

embryonic liver

(CBA x CBA-T6T6)F1 (3 × 10 6 cells/mouse)

Dividing cells in chimaeras' bone marrow

Interval between 2 months postirradiation

adult and embryonic T6+ + T6+ T6--

cell inoculum (adult graft) (embryonic graft) (host)

4 hr (2 mice) 8 137 --

1 day (2 mice) 34 201 1

5 days (4 mice) 142 45 --

A proportion of animals do survive secondary disease and they
come to resemble chimaeras which have never shown this condition.

VosJ) has investigated whether their survival is due to a diminished

sensitivity of the host to the graft-versus-host reaction, or whether it

is due to specific tolerance of the graft for the host. At Rijswijk,

bone marrow from their CBA mice gives very little secondary dis-
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easein theirC57BLand(CBA× C57BL)F1micebut a highincid-
enceof chimaerism.Thetestemployedthe "killing effect"of small
numbersof CBA lymph nodecellsin additionto bonemarrow
followinglethalirradiation.Normalmiceandchimaerasof C57BL
and F1strainsshoweda similarsensitivityto gradednumbersof
lymphnodecellsbythistest,indicatingthat therewasnodifference
in sensitivityofgraft-versus-hostactivity.On theotherhand,lymph
nodecellsfromchimaeras,showntobeofdonortypebycytotoxicity
tests,gaveanequivalentkilling effectto normalCBAlymphnode
cellsin irradiatedmiceof third-party(RF) constitution,but not in
irradiatedmiceof C57BLor F1strains.

10.CONCLUSION

The importance of the cells which repopulate the lymphatic tissue

of the chimaera is only now being appreciated. If incompatible cells

are added to the haematopoietic tissue, an early fatal rcsult ensues.

If the cells are derived from foreign haematopoietic tissue, they may

become sensitized to the host and give rise to severe secondary dis-

ease; only if clones of immunologically competent cells specifically

tolerant of the host arise is there hope of long-term survival. The

provision of additional cells compatible with both host and donor

may only be possible where inbred strains are available.
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DISCUSSION

J. P. M. BENSTED

Department of Physics, Institute of Cancer Research,

Clifton Avenue, Belmont, Sutton, Surrey, Great Britain

In response to the Chairman's invitation, some of the authors made

additional comments. Van Bekkum i) opened the discussion by com-

menting that daily fractionation of the radiation dose in F1 hybrid

mice given rat bone marrow did not result in the MLD phenomenon

when the mice were subsequently given a single dose of radiation,

in contrast to CBA and C57BL mice. The results also showed that

the MLD phenomenon was increased with up to four daily frac-

tions.

Goodmanf) added that she now had chimaeras of donor type,

produced by the injection of peritoneal cells, living as long as 60 to

90 days after injection, with haemopoietic and lymphatic elements

all being present. Di Luzio k) emphasised the importance of the host

reticulo-endothelial system (RES) in the acceptance or rejection of

369



368 D.W.H. BARNES

allogeneic bone marrow. It could be shown that the mortality of

C57BL mice exposed to 800 r after induced RES hyperfunction was

directly related to the degree of hyperfunction. Graft rejection and

death of allogeneic chimaeras 1 to 3 months after marrow trans-

plantation could be brought about within 5 days of the start of RES
stimulation.

Dunjic (Lab. de Radiobiologie, Institut du Cancer, Louvain, Belgium)

drew attention to the fact that in non-inbred rats given bone marrow

of the same strain after irradiation, no homologous disease super-

vened. Homologous disease was also absent in similar non-inbred

rats given lethal doses of Myleran when observed for I to 3 months.

Cole (Naval Radiol. Defence Lab., San Francisco, Calif., USA) em-

phasized that the principles which obtain for mice also apply in the

case of dogs, apart from differences in radiosensitivity of the haemo-

poietic system and the system involved in the homograft reaction

in the dog. Supralethal radiation doses in the dog do not suppress

the homograft reaction, but single doses of radiation together with

chemical agents such as 6-mercaptopurine or urethane permit ho-

mologous transplants to be accepted, and in support of this he quot-

ed experiments with 15 dogs with excellent haemopoietic recovery

in 8 to 9 days but with characteristic secondary disease in 3 months.

Turning now to the use of peritoneal cells, Cole referred to experi-

ments in which the injection of 10 to 15 × 106 peritoneal cells from

normal donors into lethally irradiated mice resulted in survival for

3 months or more. He considered that peritoneal cells were 30 to
50 times less effective than normal bone marrow cells.

Goodman commented further that peritoneal exudate cells result-

ing from the stimulation with glycogen, though giving rise to lym-

phatic regeneration, plasma cell formation and some granulopoiesis,

did not give rise to cells of the erythroid series, and in consequence,

did not promote survival. She now used fresh peritoneal cells togeth-

er with an F1 to parent combination, so that antigenic markers

were available to detect donor type red and white cells in the sur-

viving chimaeras. In response to a question by Roylance (Inst. of

Cancer Res., Belmont, Sutton, Surrey, Great Britain) regarding the true

identity of the peritoneal cells, Goodman replied that she was not

really able to say which cell or cells were responsible for lympho-

poiesis or haemopoiesis. Smears and differential counts had not

thrown any light on the problem. As to the cell dose necessary, she
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had found peritoneal cells to be 500 to 1000 times less effective than

bone marrow ceils in terms of 59Fe uptake at 8 days after trans-

plantation. If survival is taken as an end-point, however, they may

be regarded as equally effective.

Micklemg) underlined the importance of the results of VosJ) in

demonstrating that immunologically competent cells from the donor

can show specific tolerances towards the host in allogeneic chim-

aeras, i.e. that this capacity to develop tolerance is not exclusive to

cells from young animals and that some chimaeras formed with

allogeneic cells may acquire competent lymphoid systems. Ques-

tioned by Micklem as to the incidence of secondary disease in his

system and whether any of the animals recovered from secondary

disease, Vos quoted an incidence of 30 to 40Yo but said that it was

difficult to be sure about the recovery of animals from secondary

disease in the CBA to C57BL combination, though in the CBA to

FI combination secondary disease was never found.

Arghittu (Centro Applicacioni Militari Energia Nudeare, Pisa, Italy)

was interested to know the length of time the bone marrow was

kept before injection and whether the irradiated dogs might have

recovered with conventional supportive therapy alone. Burkle a) re-

plied that the marrow was stored for periods not longer than 10

days, and that the control dogs treated conventionally but without
bone marrow all died.

In returning to the subject of the amelioration of secondary dis-

ease, Cole pointed out that it had been assumed that this comes about

by the removal of immunologically competent cells by prior irra-

diation and that a discrepancy existed between this state of affairs

and that described by Barnes, Loutit and MicklemI), where sec-

ondary disease was observed in irradiated mice which were given

syngeneic cells and which subsequently developed lymphoid aplasia.

In replying to this, Cudkowicz b) emphasised that in bone marrow,

immunologically competent cells were numerically fewer than cells

of the myeloid or erythroid series. It was not really correct to assume

selective removal of the immunologically competent cells by X rays

alone, and it was rather with chemicals such as AET that these cells

were selectively reduced in number below a critical level. He also

referred to his own experiments in which a large proportion of the

recipients of irradiated bone marrow showed a syndrome indistin-

guishable from secondary disease but which were not in fact chim-
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aeras since the haemoglobin was of host type. Cole referred to ex-

periments in which marrow, after irradiation with 400 to 500 r was

then given 12 days later with much reduction in the incidence of

secondary disease. At the time of giving the irradiated marrow the

haemopoietic elements but not the lymphoid elements will have re-

covered, and he asked if the amelioration of secondary disease follow-

ed the reduction in the number of lymphoid cells in the inoculum.

Cudkowicz reiterated his view that the total number of marrow cells

injected was important.

Van Bekkum took up this point and said that as long as mixtures

of lymphoid and haemopoietic cells were used it would be difficult

to demonstrate a selective action. He referred to Fig. 5 in the Rap-

porteur's report and asked if the one fixed dose of cells which was

employed was a critical dose. Cudkowicz replied that titrations of

spleen cell mixtures were carried out and the cell dose was in fact
selected on a basis of the titration curves.

Davies e) in reply to a question by Roylance as to whether the

white cells were necessary for marrow repopulation or to counter

systemic infection, said that he considered that the white cells

were essential for marrow repopulation. In answer to a question by

Goodman as to whether he had studied the platelets in his mice,

Davies indicated that thrombocytopaenia could be tolerated for

longer periods than granulocytopaenia.

The majority of authors to whom the rapporteur made reference

based their experiments on either the rat or mouse. However, Shaw

(Dept. of Radiology, University oj Wisconsin, Madison, Wis., USA) pre-

sented some interesting material based on chimaeras formed be-

tween the pigeon and dove. In contrast to the experiments of those

who work with rodents, he reminded the audience that far higher

mean lethal doses (LD 50) obtained in these birds e.g. the LD 50

for the dove was 2600 r and for the pigeon, 2200 r. Normally in

these pigeon-dove chimaeras it was possible to detect haemagglu-

tinins produced against the host by the donor cells. In order to eli-

minate this haemagglutinin production in the dove, doses of 1400 r

were required. He expressed the hope that it might be possible to

separate the haematological and immunological activities in these

chimaeras, but his own experimental findings were not complete

as yet.

The discussion was wound up by Van Bekkum, who pointed out
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that the conclusions of Barnes, Loutit and Micklem 1) might lead to

the idea that the signs and symptoms of secondary disease could be

attributed to lymphoid aplasia alone. In the case of primates, speci-
fic tissue lesions in the intestinal mucosa could be seen in the face

of very active lymphoid regeneration by cells presumably of donor

origin.

1)

REFERENCE

D. W. H. Barnes, J. F. Loutit and H. S. Micklem, Second Int. Cong. Rad.

Res. Abstracts Volume (1962) 99; and Ann. N.Y. Acad. Sci. 99 (1962) 374



Late Effects in Mammals

CARCINOGENESIS

J. F. LOUTIT

Medical Research Council Radiobiological Research Unit,

Harwell, Didcot, Berkshire, Great Britain

a) R. BASERGA, H. LISCO and W. E. KISIELESKI,
Further observations on the induction of tumours in mice with radioactive

thymidine.

Department of Pathology, Northwestern University Medical School, Chicago; and

Division of Biological and Medical Research, Argonne National Laboratory, Argonne,

Illinois, USA

b) C. C. BERDJIS,

Protracted effects of repeated doses of X ray irradiation.

US Army Medical Unit, Walter Reed Army Medical Center, Fort Detrick, Maryland,

USA

e) IRENE U. BOONE,

The effect of dose rate on the incidence of leukaemia in several strains of

mice.

Los Alamos Scientific Laboratory, Los Alamos, New Mexico, USA

d) H. CEMBER and K. STEMMER,

Lung cancer from radioactive cerium chloride.

The tfettering Laboratory, University of Cincinnati, Ohio, USA

e) L.J. COLE and P. C. NOWELL,

Late effects of fractionated X radiation in mice. Failure to prevent non-

thymic lymphomas by thigh-shielding.

US Naval Radiological Defense Laboratory, San Francisco, California; and University

of Pennsylvania, Philadelphia, Pennsylvania, USA

t) T.F. DOUGHERTY,

Comparison of carcinogenesis by single injections of five radionuclides.

Department of Anatomy, University of Utah College of Medicine, Salt Lake City 12,

Utah, USA

g) J. T. Dumo and M. RIFAAT,

The effect of small doses of tritiated thymidine on leukaemic lymphocytes.

Cancer Research Institute, New England Deaconess Hospital, Boston, Massachusetts,

USA

h) MIRIAM P. FINKEL, B. O. BISKIS, R.J. FLYNN, PATRICIA BERGSTRAND-JINKINS

and ISABEL GRECO,

The influence of dosage pattern and of age on the distribution and toxicity

of strontium-90 in dogs.

Argonne National Laboratory, Argonne, Illinois, USA

374



CARCINOGENESIS 373

1) W.S.S. JEE and BETSYJ. STOVER,

The long-term effects of plutonium-239 in adult beagles.

Division of Radiobiology, Department of Anatomy, University of Utah College of

Medicine, Salt Lake City 12, Utah, USA

J) MAKUlA W. ROS_r_/HAL, joAr_ F. Finny, j. Sc_u_LKr and A. LINDENBAUM,

Reduction in tumour incidence and tissue radioelement retention following

DTPA therapy in plutonium-injected mice.

Argonne National Laboratory, Argonne, Illinois, USA

k) C.J. SHELLABARGER, G. E. APONTE, E. P. CRONKITE and V. P. BOND,

Rat strain differences in tumour induction by total-body radiation.

Zoology Department, Medical School, University of Michigan, Ann Arbor; and

Medical Department, Brookhaven National Laboratory, Upton, New York, USA

1) M.R. SIKOV and J. E. LOFSTROM,

Increased tumour incidence following prenatal X irradiation of the rat.

Department of Radiology, Wayne State University and Receiving Hospital, Detroit,

Michigan, USA

m) S. R. STITCH,

Oestrogens and radiation induced mammary cancer: The persistence of

oestrogen biosynthesis by the ovary of the irradiated rat.

Medical Research Council, Radiobiological Research Unit, Harwell, Dicot, Berkshire,

Great Britain

n) N. TRAININ and I. BERENBLUM,

The role of thymectomy in leukaemogenesis induced by X rays followed by

urethane.

Department of Experimental Biology, Weizmann Institute of Science, Rehovoth, Israel

O) L. M. VAN PUTTEN,

Treatment of radiostrontium intoxication in mice.

Radiobiological Institute TNO, Lange Kleiweg 151, Rijswo'k ( ZH), The Netherlands

P) H. H. VOGEL,JR. and D. L. JORDAN,

Mammary tumour incidence in female Sprague-Dawley rats irradiated with

fission neutrons or 60Co y rays at different dose rates.

Argonne National Laboratory, Argonne, Illinios, USA

q) A.N. STUDITSKY and L. F. BERESKINA,

Radiation-induced tumours and their role in the analysis of malignant trans-

formation of tissues.

Laboratory of Histology, Institute of Animal Morphology, USSR Academy of Sciences,

Moscow, USSR

1. INTRODUCTION

We are in plenary session with our colleagues of the physical scien-

ces. Thus in talking about carcinogenesis, the production of can-

cer, we biologists must expose our ignorance. We cannot yet satis-

factorily define cancer. We may recognise that the constituent cell

of new growths, or tumours, may be abnormal in structure, or

function, or physical and chemical constituents, or in all these re-
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spects. This description is, however, incomplete. Cancer cells are in

some way free of the disciplines which normally limit the growth of

tissues. It is still unknown whether this is a specific characteristic,

such as gene-mutation at a particular locus might be, or whether

it is general imbalance of extremely variable origin. What is certain

is that, in mammals including man, the probability of cancer devel-

oping spontaneously increases in geometric progression with age,

that inherited factors affect susceptibility and that physical, chem-

ical and biological agents in the environment play a part. Chemical

carcinogens, of which coal-tar derivatives are the best documented

examples, are now well known. Viruses, which may be considered

chemical or biological agents according to one's point of view, are

being increasingly incriminated. And tissues which either undergo

cyclical changes in response to physiological hormonal influences,

e.g. breast, or are affected by periodic injury and repair, e.g. the

uterine cervix, are likely sites. Furthermore we have always diffi-

culty in separating the simple or benign tumours from the malignant:

it is only the latter which are completely undisciplined.

Carcinogenic physical agents include radiations. Ordinary sun-

light with its ultraviolet component is a recognised cause of skin

cancer. Ionizing radiations of all sorts are, per unit of energy deliv-

ered, still more effective. The radiation may be delivered from an

external source--and most interest has been taken in the pene-

trating radiations, gamma rays and fast neutrons--or from within

the tissues due to deposition there of radioactive materials. With

conventional experimental animals external radiation commonly in-

creases the yield or advances the onset of naturally occurring malig-

nancies, especially of the blood-forming tissues (leukaemia) and of

the breast; internal irradiation affects particularly the tissues where

the respective radioactive nucleides concentrate, e.g. bone with

bone-seeking elements.

Amongst the 16 papers on the subject of carcinogenesis which I

am reviewing, eight are concerned with internal sources of radia-

tion. The dosimetry here is much less straightforward than with
external radiation. In the former case excretion and redistribution

within the tissues tend to confuse the calculations. If the total dose

delivered to the region of interest were the only relevant parameter,

the uncertainty about dose would not be very serious; but we are

now very well aware that intensity of irradiation, that is dose rate,
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and fractionation of the total dose markedly influence the induction

of cancer. Primafacie this makes it very difficult to invoke the sim-

plest form of the somatic mutation hypothesis-- mutation at a speci-
fic 'locus.

2. EXTERNAL IRRADIATION

Leukaemia in mice. I shall use the term"leukaemia" in the broadest

sense to include several pathological states. Dr. Irene Boone's e)

paper is entitled: "The effect of dose rate on the incidence of leuk-

aemia in several strains of mice" ; but in fact only one strain (RF) was

submitted to irradiation at different dose-rates and her experiment

may be regarded as exploratory only. X irradiation, 50 rad daily

at 50 rad/min, to a total of 1500 rad, was too much for 2 strains,

C57B1 and Swiss, since only one-third were alive to develop leuk-

aemia after 2 months, but about half her RF mice were alive after 6

months. The mortality-pattern of these mice from "leukaemia",

which may involve either the granular or lymphoid cells in RF mice,

was compared with that of other RF mice given either 800 rad of

Y rays at 13 rad/min in 3 fractions spaced at 4-week intervals, or

continuous dosage for 1, 2 and 3 weeks at 70 rad/day.

TABLE 1

Incidence of "leukaemia" in RF mice. (Boone.)

Total dose (rad) 1500 800 494 987 1480

Dose rate (r/min) 50 13 0.05

1 2 3
Total time 5 weeks 8 weeks week weeks weeks

Female RF mice, number scored 12 19 33 28 25
Leukaemia, % 67 68 44 71 72

Control, % (Number of mice) 59(17) 47(15) 38(98)

Boone concludes from her observations that total dose and dose

rate are both important. I concur; but with their high natural incid-

ence of "leukaemia" RF mice are poor indicators of the dose rate

effect. Boone doubts too if the mice were homogeneous (see mortali-

ty data of controls in 3 separate experiments - Fig. 1).

Cole and Nowell e) have compared the induction of"leukaemia"

in LAF1 mice by a dose of 260 rad of X rays, either as weekly frac-
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Fig. 1. Survival of mice plotted against time. The three sets of data refer to

three separate control experiments using RF mice. (Boone.)

tions of 5 rad over a year or as a single dose at the beginning or

end of the year. The numbers of animals available for scoring were

only 13 to 19 per group. These were sufficient to show a significantly

higher incidence of "leukaemia" from fractionation. This is in ac-

cord with current theory. A further interesting result was that shield-

ing of one hindleg did not diminish the incidence of the generalized

form of lymphomatosis, whereas shielding has been shown to affect

the so-called thymic lymphomal).

TABLE 2

"Leukaemia" induced by fractionated and single doses. (Cole and Nowell.)

Age at No. of No. with

Group death mice leukaemia

(months)

I (5 rads × 52) 20-36 19 9

II (5 rads × 52:

thigh shielded) 26- 36 13 7

III (260 rad) 16-33 19 3

V (260 rad at 14 mos.) 24-34 13 3

In the thymic type oflymphoma the malignant change apparent-

ly starts in, and may be confined to, the thymus. Perhaps not un-

expectedly surgical excision of the thymus before exposure of the
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animal to radiation or chemical carcinogen precludes this form of

leukaemia. In intact animals the leukaemogenic action of radiation

is reinforced by urethane, provided it is given after the irradiation.

Trainin and Berenblum n) consider radiation as initiator and ure-

thane as promotor in a two-stage process. They were unable to pro-

mote "leukaemia" by urethane in thymectomized mice. However,

they deduce that tissue (brain) from a thymectomized irradiated

mouse contains a "transmissable factor" : when injected into intact

recipients, which were then submitted to urethane, it has caused so

far 10 per cent to develop "leukaemia" within9 months (Table 3).

TABLE 3

The "transmissable factor" in thymectomised mice. (Trainin and Berenblum.)

No. of mice
Group Treatment of Treatment of with

donor recipient "leukaemia"

1 Thymectomy: Donor brain-tissue: 9/90
irradiation urethane

2 Irradiation Thymectomy:
donor brain-tissue: 0/100

urethane

Mammary tumours. Mammary tumours, like murine leukaemias, can

be of several histological types. Some are benign, some malignant.

Shellabarger and co-workers 2) have already noted that the natural

susceptibility of the Sprague-Dawley rat to develop mammary tum-

ours increases to nearly I00 per cent after sub-lethal total-body irra-

diation of young females. The presence of ovaries is necessary to

produce the maximal effect, that is, the tumours are often hormone-

dependent. In their present communication k) they have studied

another strain (Long Evans rats) with comparable if slightly less
dramatic results.

Male rats developed malignant fibrosarcomata, females variants

of fibro-adenomata, usually more benign (Fig. 2). Evidence of dis-

turbed humoral relations was adduced from changes in weight of

ductless glands and frequent finding of tumours in these tissues also.

For many of these mammary tumours radiation might well have

been the inducing agent, and hormone, for example ovarian oes-
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Fig. 2. Incidence of neoplasms in sublethally irradiated Long Evans rats as a

function of age and time after exposure. (Shellabarger et al.)
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trogen, the promoting agent. Thus the biochemical assays of Stitch m)

are especially relevant, though carried out in yet another strain

(Harwell albino rats). The synthesis of 14C-oestradiol-17/3 from 14C-

testosterone in nitro by minced tissue of ovaries excised at various

times after 0 and 400 r is shown in Fig. 3. After an initial lag the

ovaries from the irradiated animals show a capacity for oestrogen

biosynthesis at least as great as normal controls. The author notes

that the biosynthesis of only one of the many oestrogens has been

measured and that histological examination showed some follicles

still to be present.

In the experiments just reported adolescent animals were irra-

diated. Sikov and Lofstrom 1) irradiated their subjects (rats of Spra-

gue-Dawley strain) at the 10th or 15th day of intra-uterine life.

Fig. 4 gives their results for subsequent mammary tumours. In three of
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Fig. 4. Incidence of mammary tumours in Sprague-Dawley rats irradiated at the
10th or 15th day ofintra-uterine life as a function of age. The X ray doses were
20 or 100 r on the 10th day, and 50 or 185ronthe 15thday. (Sikovetal.)

-- Control • 1550
0 1020 15ls5.

...... 10100

the irradiated groups there is a suggestive increase of mammary

tumours, but their development is late in life. This contrasts with

the early development in Shellabarger's animals irradiated as ado-

lescents. In the 4th group there was a decided paucity of tumours,
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associated with failure of development of ovarian follicles. Only in

the group given 100 r at the 10th day of embryonic life were histo-

logically malignant tumours diagnosed.

So far we have considered only X and 7 radiation. Vogel and

Jordanp) have compared the incidence of mammary tumours in

Sprague-Dawley rats, from a pathogen-free colony, irradiated with

4 weekly fractions of either 200 rad of 60Co 7 rays or I00 rad of

fission neutrons. Almost all the experimental animals died with

mammary tumours (Fig. 5), but unhappily no histological examina-
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Fig. 5. Probability of mammary tumour formation in a pathogen-free colony of
Sprague-Dawley rats after 200 rad _0Co 7 radiation or 100 rad fission neutrons.

(Vogel et al.)
× Irradiated with fission neutrons (57)
• Irradiated with 60Co 7 rays (55)
O Unirradiated controls (35)

tion is available. One can deduce that the relative biological effec-

tiveness of these neutrons relative to 7 rays was 2, or perhaps more,

for induction of these unspecified tumours. There was no observable

effect in this experiment in altering the dose rate of both radiations

by a relatively small factor of 35 (1 rad/min to 35 rad/min).

Miscellaneous tumours. Lieut. Col. Berdjis b) for comparison with his

previously published work, adopted a more complex schedule of

irradiation. Adolescent Sprague-Dawley rats of both sexes were

given at monthly intervals 3 doses of 350 r to the whole body, 1000 r

to the chest, 900 r to the right kidney, 900 r to the left kidney and

500 r to the whole body. Fifteen out of 52 irradiated rats failed to

survive the course, leaving 37 to be compared with 36 contempora-
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ry survivors of 40 controls. An increased incidence of tumours occur-

red in irradiated rats, an average of 4.6 tumours per rat, many malig-

nant, in 100 per cent of the animals, compared with 1.3 mostly

henlo'n t11mo111v_ in ._._per cent of enntrn1_ _crlficorl nt 97 rn_nfh_

of age. Another feature of the irradiated rats was the finding of mul-

tiple adenomata of endocrine glands associated with lesions of gut

and kidney.

3. INTERNAL IRRADIATION

Two of the papers concern that most interesting substance, tritiated

thymidine (3HT), so much used for marking cells synthesizing de-

oxyribosenucleic acid (DNA).

Lisco and his colleagues 3) have already shown that one injection

of 1 #C/g of body weight induces malignant tumours in mice. In the

present communication (Baserga et al.a) they extend their data and

also report on 14C-thymidine. Mice at ages varying from 2 to 12

months were all susceptible especially the youngest. Newborn mice

injected with 1 or 10# C/g of 3HT or with 0.2 or 2/_C/g ofl4CT have

an increased incidence of tumours after 22 and 18 months respec-

tively: and the offspring of female mice injected with 250 #C of 3HT

in the terminal week of pregnancy have a higher than normal incid-

ence of tumours after 18 months. The malignant tumours of the

experimental animals were widespread and not confined to lung

tumours and non-thymic !ymphomas as in the controls. The authors

conclude that malignancy may result from radiation confined within

multiple single cells.

Duhig and Rifaatg) have also used 3HT. They say: "AKR leuke-

mia lymphocytes labeled with small doses of titrated thymidine ap-

peared to be capable of inducing lymphoid leukemia in young AKR

mice earlier than could unlabeled leukemic lymphocytes". Accord-

ing to their most recent data, mice receiving labelled cells have all

developed leukaemia within 24 days, compared with 68 per cent of

those receiving unlabelled cells.

4. EFFECTS OF BONE-SEEKING RADIONUCLEIDES

Five papers concern bone-seeking radionucleides.Finkel'sgroup h)

noted for theirwork with mice, now report on 9°Sr indoses of 150

/_C/Kg todogs. Four of6 survivorsofa singledose to adultsdevelop-

ed 7 osteosarcomas (in spine or near the ends of long bones).Many
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pups injected daily over a year to the same total died from a haem-

orrhagic syndrome, but survivors developed numerous osteosarco-
mas mainly in the shafts of long bones. Adolescents and adults given

the dose spread over a year are with one exception now, 1 to 3 years
later, still without diagnosed tumours.

Also using 9°Sr, van Putten °) has scored the effect of treating mice

for 6 weeks with a diet low in phosphorus. When the diet was started

48 hr after the injection of 9°Sr (Group B), the median life span
was increased to 392 days from the 304 days of the injected controls

on normal diet (Group A). There was also a lower incidence of bone

tumours (Fig. 6) particularly in the spine. When the phosphate-
deficient diet was instituted 13 weeks after the injection (Group C),

there was no effect on life span or incidence of tumours.
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Fig. 6. Tumour frequency in

mice after o°Sr injection. Curve

A: control animals on a normal

diet. Curve B: animals kept on a

low phosphorus diet for six weeks

after 9°Sr administration starting

48 hours after injection. Curve C :

low phosphorus diet started 13

weeks after 9°Sr administration.

(Van Putten.)

Treatment is also the subject of Marcia Rosenthal and her col-

leaguesJ). 239pu was the nucleide considered, 2.6 #C/Kg being given

intravenously to mice. This dose induces tumours in 65 per cent of
untreated mice. 3 days later the treated mice received 1 to 12 daily

injections of DTPA (diethylene-triamine-pentacetic acid). The

groups having 8 or 12 injections survived on average 8 weeks longer
and their incidence of bone tumours was significantly reduced (Fig. 7).

Two papers stem from the comparative radiotoxicity experiment
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Fig. 7. Effect of DTPA on bone tumour expectancy at death in plutonium injected

mice. (Rosenthal et al.)

in Utah. Dougherty t) gives current data on the 5 different bone
seekers: 226Ra, 22SRa, 239pu, 22STh and 90Sr. He considers "the most

meaningful way to make a comparison is to pick a common time

of cancer formation for two radionuclides and compare their dose
rates." In this way, as in Table 4, he derives provisional values for

TABLE 4

Effectiveness of other nucleides relative to radium in producing osteosarcoma.

(Dougherty.)

Nucleide Days to Nucleide Radium Eft. rel.

death rads/day rads/day to radium

u39pu 1500 0.7 3.7 5

22SRa 1140 3.7 10.0 3

22STh 1140 0.7 10.0 14

9°Sr 1140 8.5 10.0 1

toxicity relative to radium varying from 1 for 90Sr to 14 for 22STh.

He also concludes that "if the present trend continues, osteosarcoma

may appear at maximum permissible concentration (MPC) levels
towards the end of the beagle life span of about 20 years."

Jee and Stoveri) concentrate their very substantial effort on 239pu,

given as (+4) citrate to beagles in doses ranging from 2.8 down to

0.096 _tC/Kg. Their studies are based on roentgenograms and histo-



384 j.F. LOUTIT

logical sections of bone post mortem. All doses were highly carcino-

genic, but concentration of plutonium in certain bones was only one
of the factors which must determine the elective sites of tumours

(Fig. 8). Most of the affected bones were of the spongy type (spine
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Fig. 8. Anatomical distribution

of all osteogenic sarcomas induced

by plutonium in beagles. (Jee and

Stover.)

and ends of long bones) but the microscopic appearances here varied

widely with dose, and gross tissue damage seemed not to be an essen-

tial prerequisite.

5. LUNG CANCER

Finally, in view of our need for a better understanding of lung can-

cer, we can welcome an experiment by Cember and Stemmer a) on

the administration of radioactive material via the air passages, un-

happily by the rather unphysiological method ofintratracheal injec-

tion. Four groups of rats were injected with 21.3 #g of cerium as
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0.15 ml of cerous chloride solution containing 0, 10, 15 or 30 ttC of
144CeC13. A high early mortality is attributed to the radiation,

but the method of administration may have been a contributory

cause in a strain with obviously endemic pathological lungs. Late

mortality in those given the radioactive material was due in large
measure to malignant neoplasms (Table 5).

TABLE 5

Summary of 144CeC13-induced lung cancer. (Cember and Stemmer.)

Days till Absorbed

Treatment No. of rats No. of primary observation dose (rad)

(ttC) observed lung tumours of first for first
tumour tumour

0 21 0 -- --

10 61 9 306 14000

15 52 31 197 19600

30 37 26 70 25500

These data indicate a higher incidence of lung cancer from 144CEC13

than from insoluble 144CEF3 given in a previous experiment. This

is attributed to local fixation of cerous ions by protein.

6. CONCLUSION

These papers constitute a useful addition to our general knowledge.

No revolutionary new concept has been put forward, but they do
affirm current theory. In particular I welcome the results obtained

with internal emitters of radiation. In a new field one requires a

background of data obtained the hard way by careful and unremit-

ting observation. We are fortunate that our author-investigators are
providing this baseline for future thinkers.
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DISCUSSION

PATRICIA J. LINDOP

Radiobiology Unit. St. Bartholomew's Hospital, Medical College,
CharterhouseSquare, London EC1, Great Britain

Studitskyq) was asked to give a summary of his paper which had

been submitted too late for inclusion in the rapporteur's report.

In work carried out with Bereskina on exposure of rats to sub-

lethal doses of whole body irradiation, he had shown, in agreement

with Shellabarger et al., that the first site for malignant change was

the mammary gland. Why was this so? The facts needing considera-

tion were not limited to the immediate action of physical, chemical,

viral and other factors, but also concerned more complicated

mechanisms. These included the induction of cancer by chemically

inert polymers of the cellophane type, by simple metals, for example

cobalt and nickel, by vital staining by trypan blue, or even by simple

disturbances of tissue relationships as by explantation and trans-

plantation.

Studitsky et al. had demonstrated the induction of malignant

change in muscle by cellophane film wrapped round the muscle. He

postulated some disturbance in the control mechanism of these tis-

sues produced by a discontinuity of their connection with adjacent
tissues.

In the light of this work, they had examined radiation induced

tumours, in relation to the relative sensitivity of the connective tis-

sue to radiation, compared with that of the tissues which it control-

led. They showed that local _ irradiation with a dose of 2000 r pro-

moted regeneration of muscle tissue, whilst inhibiting connective tis-

sue activity. A similar radiation response in the endocrine control-

ling system was also demonstrated, and exemplified further the com-

plex results of both tissue and endocrine imbalance on the mammary

carcinogenic properties of whole body exposure.

Finkel h) drew attention to van Putten's °) work, which showed

that the yield of bone tumours produced by 9°Sr was modified by

a phosphorus deficient diet, in a time relationship which indicated

that the significant tumourogenic dose was accumulated from the 2nd

to the 91st day only. Calculations of accumulated rads to produce

tumours should take these data into account. Van Putten was not
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surethatthewholesignificantdosewasdeliveredbythe13thweek;
andraisedtheproblemof theco-carcinogeniceffectofthedietper

se. He could not state whether the dose to produce tumours was

received between the 2nd to 13th week, or during tile whole time

for which they were irradiated.

Dougherty f) pointed out that Furthet al. 1) had shown that a single

dose of X rays was leukaemogenic, and repeated doses were not neces-

sary. He also said that although the amount of radiation decreased to

zero with time, Ra Th was still the most carcinogenic of internal

emitters.

Finkel queried the assumptions on which Dougherty based his

statement that doses of the order of the present MPC (maximum

permissible concentration) of plutonium could produce tumours

within the lifetime of the beagle (20 years). Dougherty replied that

with further investigation, increasingly smaller doses of plutonium

were found to be producing tumours. At the time the paper was

submitted in April 1962, no beagles at the lowest levels had devel-

oped tumours. One death from bone tumour had now however oc-

curred at the lowest level. At this rate of production, extrapolation

to 20 years leads to an expectation of tumours caused by doses

yielded by the present maximal permissible levels.

Cole e) asked Loutit to explain the current theory for the induc-

tion of leukaemia following fractionated radiation, as referred to in

the report. This question was seconded by Kaplan (Stanford Univ.,

Palo Alto, Cal., USA). In reply, Loutit explained that the current

theory to which he referred was not a theory of the mechanism of

induction of leukaemia, but of the repair of radiation damage in

cell systems at low doses as based on the Elkind type data. These

showed a shoulder to the cell survival curves indicating recovery

from damage which would have killed the cell. Accumulation of

residual damage after fractionated doses may however result in a

carcinogenic transformation.

Vogelp) asked whether Shellabarger k) considered the process of

mammary carcinogenesis to be progressive in the female rat, and

also about the question of multiple tumour formation. He had found

an average of 1.5 tumours per rat in animals irradiated with both

fission neutrons and Co _ for which he reported an RBE of more

than 2 for mammary tumour incidence and longevity. Shellabarger

discussed the mechanism in terms of radiation as an insult super-

as9
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imposed on normal hormonal factors. S tuditsky's discussion of the role

of tissue interrelations had been of interest. Bond et al. 2) had conclu-

sively shown that local irradiation of the breast alone, without ex-

posure of the endocrine glands, could produce mammary tumours.

About the multiple tumours, 1.5 to 2 or more per rat, depending

on the time after irradiation, up to 10 had been found.

Boonee), asked for details of Duhig'sg) technique for teukaemia

work in the AK mice, since she had found the induction time for

leukaemia to be less than 10 days, regardless of technique. Duhig
had not found the induced leukaemia to occur before the 12 to 14th

day after injection of thymidine-labelled lymphocytes. The cells

harvested from spleen and thymus of leukaemic animals were

ground up with Tyrode's solution and these suspensions were adjust-

ed by counts to 107 cells/ml. Portions of these suspensions were

injected intraperitoneally into animals which were examined for
leukaemia at death.

Kaplan called for the reassessment of Boone's result after sepa-

rating the incidences for myeloid and lymphatic leukaemia. Different

types of dose dependence may be masked by grouping all leukaemias

together. He asked Cole how he distinguished between thymic and

non-thymic lymphoma in mice which were not thymectomized, since

when the disease is disseminated it is not possible to determine the

site of origin. He stressed the importance of the findings of Trainin

and Berenblum n) and referred to his work with Leberman on

transmissible leukaemia, and Gross's confirmation of this in C3H

mice and Latarjet's in C57/B1. Details of the time relationships and

preparation of the material used by Trainin would be useful.

Cole said that as in their previous studies with LAF1 mice, the

reticular tumours observed were nearly all generalized non-thymic

lymphomata. Although no tumour limited to the mediastinum was

found, the possibility that some of the generalized lymphomata had

originated in the thymus could not be excluded. The majority of

these reticular tumours were classified histologically as lymphosar-
coma and a few were reticulum cell sarcomas. Trainin discussed a

two stage mechanism for the induction of leukaemia, with urethane

as the promotion factor. Urethane did not produce leukaemia if

given before irradiation. Tissues from mice given whole body radia-

tion 24 hours previously induced leukaemia in mice given urethane.

The transmissible agent seemed to be subcellular in nature and ex-
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periments were in progress to elucidate these points. Thymectomy

did not stop the production of leukaemia, when done one week be-

fore irradiation, followed by urethane 24 hr later. Normal animals

withov.t the thymu_ did not produce lenk_erni_.

Berdjis b) drew attention to the extreme care needed in labelling

different types of leukaemia too hastily, because even in so called

thymectomized mice, there are remnants ofthymic tissue, which can

develop into generalized tumours, which have the morphological

criteria of a thymoma, lymphoid leukaemia or lymphosarcoma.

Hug (Univ. Miinchen, Germany) asked a question of Baserga a) in

order to distinguish between only intracellular effects or more wide-

spread tissue damage from high doses of tritiated thymidine. Might

it be that with the doses used, even in this case, chronic tissue dam-

age was precarcinogenic? The data presented indicated that isolated

cell damage could produce tumours. Baserga had found, from histo-

logical examination of the animal, no gross or microscopic damage
to the tissues. This indicated an intracellular mechanism.

Kaplan, although accepting Trainin's work as a valuable contri-

bution, pointed out that its interpretation depended on the lack

of induction of leukaemia by urethane alone. In fact, 100% leukae-

mia had been induced by much larger doses of urethane alone.

Some leukaemia had been induced by intermediate doses of ure-

thane (Doulla)).

Brues (Argonne Nat. Lab., Ill., USA) said that the discussion of

mammary tumours in rats has revealed a disagreement more appar-

ent than real. External t3-radiation locally applied to the skin pro-

duced mammary tumours. The rat is, however, a peculiar substrate

for mammary tumour development. One sees various anomalies of the

endocrine organs, including adenomas, in these rats. The impression

exists that these anomalies are induced, or are favoured, by total-

body irradiation. Have the authors any data on this question?

Rajewsky (Max Planck Inst. Frankfurt am Main, Germany) closed

the session with a warning that although we had accumulated

much data, there had been little progress made on the mechanisms

of carcinogenesis, especially in relation to dose size effects. In assess-

ment of the hazards of accidental exposure, long term effects would

result from a chronic exposure rather than from a short term single

exposure. We could be misled if we interpreted the results from high

doses in terms of mechanisms which may apply only to low doses.
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It is also important, that in investigations involving the incorpora-

tion ofradiochemicals into the cell, only very small quantities should

be used lest a killing effect of a larger dose masks non-lethal changes

which may result from smaller doses.
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l. INTRODUCTION

In the short time at our disposal, I will try to present those aspects

of the 15 selected papers which appeared to me to be of particular

interest at a plenary session.

The main themes developed in the papers before us may be
summarized as follows:

(i) the mechanisms of tlTe initial radiation damage leading to the

observed late effects, which are of many types, including shortening

of life span;

(ii) effects of age at the time of irradiation;

(iii) repairable and non-repairable injuries;

(iv) the response and specific role of different organs and tissues

especially the spleen, blood vessels, kidney, liver and the lens of the

eye;
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(v) the part played by the production of genetic effects and of

chromosome abnormalities in relation to late effects on both physio-

logical and pathological processes;

(vi) comparison of the effects of fast neutrons with those of 7 and

X rays in the production of late somatic injury including cataract

formation, and evidence concerning the relevant values of the RBE,

especially for low dose rates: and finally

(vii) the effects of alpha-radiations on the bones, as shown by the

evidence of animal experiments and long-term clinical studies.

2. EARLY X RAY EFFECTS ON THE AORTAL INTIMAL MATRIX

It is well known that a single aortic irradiation in dogs with 1500

to 2500 r will cause atherosclerosis in 30 to 40 weeks, not to be

distinguished from the "natural" process but strictly localized to the

irradiation field. The paper by Brinkman and Lamberts b) gives
direct evidence of an immediate initial radiation effect. The authors

measured the fall in the injection pressure in the aortic wall during

irradiation, in the same way as they had done in their earlier experi-

ments on skinl). In this exciting work, a salt solution is injected

slowly at a constant rate and the pressure set up by the infusion is

recorded. Irradiation, with doses of 80 r or even much less, of the

spot around the needle tip causes a striking fall in pressure with a

lag of not more than one second. Impairment of the function of the

aortic basement membrane or "gel filtration layer" by irradiation

is shown by dye diffusion experiments both in vitro and in vivo. In

the experiments reported here the doses used are in the region of

1000 to 3000 r. An interesting point made is that in all the radia-

tion effects on the mucopolysaccharide systems studied, including

vascular effects, sodium thiosulphate (Na_S203) acts as an efficient

protector appearing to be an extracellular protector, although intra-

cellular effects of radiation are not influenced by thiosulphate.

3. AGE AND WEIGHT EFFECTS IN MICE

Hazzledine and Lindopg), in common with other workers, have

shown that dietary-induced growth retardation increases radiation

sensitivity. A measured hypocaloric but balanced diet administered

from birth produced mice with a large reduction in weight but

without reduced viability. The irradiation was by means of the X

rays produced by a 15 MeV linear acceleration; this gave physical
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homogeneity of dose; "sham" irradiation experiments were also car-

ried out to determine the mortality due to causes other than radia-

tion. Two age groups were chosen which differ considerably with

respect to r adiatinn sensitivity. The 34 day old group coincides with

the period of maximum sensitivity, as well as maximum rate of

change of body weight. Any change in physiological age should have

resulted, therefore, in an increase of the mean lethal dose (LD 50).

The body weight of the starved mice was equal to that of the control

mice 21 days of age, when the LD 50 is slightly higher than at 34

days. Actually a 20% reduction in the LD 50 was observed. From the

experiments reported it is concluded that the increase in sensitivity

to radiation is not due to a possible change in the physiological age.

A report on the effect of age at X ray exposure on the accelera-

tion of intercapillary glomerulosclerosis (IGS) in mice has been

presented by Guttmann and Kohne). A striking acceleration of pro-

gressive IGS was observed when mice were irradiated either during

the three days before birth or during the two days after birth with

X ray doses mainly between 75 and 600 rad. This effect was dimin-

ished when the animals were irradiated at 12 to 53 days of age.

However, in all the present experiments the renal changes were

more marked and occurred earlier than those previously observed

in similarly treated adult mice irradiated at 1 year of age or later.

It is shown that the degree of severity of the IGS increases with

increasing dose of radiation.

Attention is drawn to the similarity of IGS to the experimentally

induced Masugi nephritis.Accordingly, the possibility may be suggest-

ed that the activation and functioning of an auto-immunity mecha-

nism is the cause of delay between irradiation and the appearance

of IGS. As the authors say "This hypothesis is predicated on the

assumption that X rays produce cellular or intercellular changes

that are antigenic". Further investigations are needed.

4. EXPOSURE OF FOUR DAY OLD RATS

The experiments reported by Billings, Yamazaki, Bennett and Lam-

son a) deal with observations of the growth, the incidence of various

diseases, the time of onset of the characteristic features of the ageing

process and the date of natural death of a group of rats after they had

received either a control sham irradiation or total body X irradiation

with doses of 5 r, 25 r or 125 r on the fourth day of their lives.
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In the females, which in all the groups have a longer mean life

than the males, life shortening has apparently occurred in the 125 r

group. The mean longevity for this group is 21.7 months, while the

control value is 24.2 months. Other differences in longevity are of

doubtful significance. External tumours appeared earlier in the fe-

male rats in the 25 r and 125 r groups. The radiation doses employed

were below the threshold for radiation induced greying of hair.

When the eight experimental groups were sub-divided into 48

groups based on sex, radiation dose and paternal origin, a striking

genetic effect on longevity became apparent. The influence of the

male parent on the length oflifespan of its progeny was found to be

of greater magnitude than that of irradiation.

5. PATERNAL EXPOSURE AND LIFESPAN IN MICE

The paper by Kohn and Bailey i) is basically one of genetics, but

nevertheless is of great interest for the present session. Male CAF1

mice were irradiated with filtered 250 KVp X rays both to the

whole body and to the caudal third of the body, and after an interval

of not less than 6 months, i.e., after the germinal epithelium had

recovered, were mated with unirradiated female BALB/c mice. Any

residual genetic injury would therefore be transmitted only by the

spermatogonia or stem cells. Kohn had reported previously 2) that

neither the sex ratio nor the litter size of the progeny was influenced

by paternal doses as high as 720 rad. The present paper reports on

the lifespan of the progeny for controls and for paternal doses be-

tween 248 and 720 rad. There were two main findings. The effects

of paternal irradiation were small. The largest difference observed

between the control and treated groups was about 10% and oc-

curred in the progeny of the paternal group most heavily irradiated

with a single dose of 720 rad. Further, the sexes were affected dif-

ferently. There was a tendency for the male progeny to show life-

shortening and the female progeny to show life-lengthening.

6. REPARABLE INJURY AND RECOVERY IN DOGS

The complexity of the physiological and pathological processes fol-

lowing total body irradiation is so great that it is desirable to devote

a major effort to try to analyse the factors involved in quantitative

experiments. A detailed study of the mechanisms of injury and recov-

ery from whole and partial body exposure to ionizing radiation is
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presented by Michaelson, Odland and Howlandl). These experi-

ments were carried out with dogs.

It has been assumed that total body irradiation produces injury,
one cnmnonent of which is renarable exnonenti_llv while. '_nnthF.r
........ 1- ..... 1 ....... 1- ............ 1 _ ................

is permanent or residual and cumulative in relation to the total dose

received. As an index of reparable injury, the recovery half-time

has been utilized. If experimental animals are irradiated and after a

suitable period of time are re-exposed to a second dose sufficient

to produce lethality, it is found that the LD 50 for death within 60

days (LD 50/60) is considerably lower than the single dose LD 50/

60. The reduction of the magnitude of the second dose of radiation

required to produce lethality is taken as evidence that there is a

latent injury remaining after the initial exposure. For the dog, the

recovery half-time was found to be 8.6 days. Residual injury is ex-

pressed as a 15 to 20% reduction in the acute LD 50/60 in dogs

tested 3 to 9 months after a single near lethal dose of radiation.

Although lethality is the indicator of injury commonly used, it is

shown that haematologic changes may provide a more sensitive

method of assessing the processes of injury and recovery. Finally, it

may be estimated that the recovery half-time for man after whole-

body irradiation is between 15 and 22 days.

7. REMOVAL OF SPLEEN AND APPENDIX

The interactions of different tissues and organs in the course of

events leading to the late results of damage produced by irradiation

are considered from a more detailed point of view, with especial

reference to the importance Of the role of the spleen, in the paper

submitted by Messerschmidt, Shibata and Melchingk). White mice

of an inbred strain were splenectomized 14 days before total body
X irradiation. The survival rate was studied and the dose effect

curves compared for the treated and control animals. Further evi-

dence was gained by examining the daily urinary excretion of taur-

ine. In addition, similar series of experiments were carried out to

compare the effects of appendicectomy with those of splenectomy.

It is pointed out that in the mouse the appendix is not only a relati-

vely large lymphatic organ but it has also a particular functional

importance. In the experiments reported in this paper, it was found

that splenectomy of the white mice 14 days before total body irradia-

tion resulted in an increase of the survival rate in the dose region
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below the LD 100/30. For example, after 690 r, the survival rate

was 18.0% (18/100) for the controls but 67.1% (47/70) for the

splenectomized animals. In contrast to these findings, appendicec-

tomy 14 days before irradiation produced no significant increase in

survival. Similarly, the increased urinary excretion oftaurine, which

occurs during the first 3 days after irradiation, is reduced by splenec-

tomy before irradiation but not by appendicectomy.

It is important to note that the protective action of splenectomy

is only found in the region of lower doses.

8. X-RAY EFFECTS ON THE LUNG

The effects of radiation on the lung have been studied as a matter

of importance since the early days of the development of radio-

therapy. In the present session we have a detailed paper by Smith and

Lavikm). This describes an experiment in which in groups of rats

the right hemithorax was irradiated with a single dose of 3000 r

of filtered 220 KV X radiation and the surviving animals were sub-

sequently sacrificed at intervals. Of the 120 rats irradiated, 43 died

before the scheduled time of sacrifice.

The pathological changes observed were generally progressive. In

the rat, the first change is a focal and microscopic accumulation of

macrophages within alveoli that is accompanied by a depopulation

of the lining surfaces of the air sacs. Cells rendered incapable of

further division by irradiation cease to contribute to the cell popula-

tion of the tissue so that atrophy gradually ensues. Hyalinization

occurs and, as is well known, is attributable to an alteration of the

connective tissue of the alveolar walls. With partial collapse of the

air sacs, the tissue displays progressive shrinkage and contraction.

Since the radiation reaction is atrophic rather than inflammatory it

is suggested that the process be termed "pulmonary radiatrophy"

rather than radiation pneumonitis, although this latter term is, as

the author says, "blessed with the sanction of established usage".

9. OXYGEN EFFECT AND RENAL FUNCTION

The next paper, by Concannon, Brewer, Summers, Teal and Haye-

slipe), is a preliminary report of a carefully designed experiment to

determine whether a normal well-vascularized mammalian organ,

of which the kidney is taken as an example, is more radiosensitive
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and shows increased damage to renal function after irradiation

under conditions of increased oxygen tension. Dogs were irradiated

at three different levels of tissue dose (1900 r, 2500 r and 3100 r in

13 days) at normal atmospheric pressure and at 3 arm abso!ute

pressure of oxygen. In all, 36 dogs were used. Measurements of

glomerular filtration rate, effective renal plasma flow and maximum

rate of tubular excretion were made pre- and post-irradiation for

times up to 15 months after exposure. The mean effects of dose and

time are highly significant (P _ 0.0001).

The mean effects of 02 pressure-dose interaction were insignifi-

cant for changes in glomerular filtration rate and effective renal

plasma flow. These effects, however, were significant for maximum

rate of tubular excretion (P _- 0.05 to 0.01).

The preliminary observations would seem to offer supportive evi-

dence that irradiation of well-vascularized tissues under 3 atm pres-

sure of Oe does not produce a major increase in radiosensitivity.

10. CHROMOSOME ABERRATIONS IN REGENERATING LIVER

In studies of the mechanisms of production of the late effects of

irradiation, it is important to try to assess the part played by induced

chromosomal aberrations. Leong, Pessotti and KrebsJ) describe ex-

periments, the purpose of which is to relate the incidence of abnor-

mal mitoses in the regenerating liver after partial hepatectomy to

the functional competence of the organ which has been irradiated

at one day after birth. The irradiated and also control rats were

subjected to partial hepatectomy at the age of 90 days.

A most important and interesting finding is that in the animals

exposed to 200 rad at one day after birth, the incidence of abnormal

mitoses was approximately 50% of the total anaphases and telopha-

ses, the corresponding value for the controls being approximately

10 to 15°/o . However, the presence of these abnormal mitoses appar-

ently does not impair the functional ability of the liver to produce

bile or to remove 35S-labelled bromosulphophthalein from the pe-

ripheral blood and excrete in into the bile. As the authors comment:

"It is only possible to say at this time that the functional tests that

we have used to describe the physiology of the irradiated livers are

not sensitive enough to characterize the damage which has been

produced within the cells".

Curtis and Crowleyd) have studied the frequency of chromosomal
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aberrations in regenerating liver cells of mice, particularly from the

point of view of the somatic mutation theory of ageing.

The regenerating liver cells of the mouse were examined at 72

hours after subcutaneous injection of CC14, at the peak of mitotic

activity. Squash preparations were used. Abnormal mitotic figures

were scored as either bridges or fragments or both. The experiments

were started when the mice were 8 weeks old. The percentage of

chromosomal aberrations present in the regenerating liver cells was

scored as a function of (i) age in normal mice, (ii) time following irra-

diation with a single LD 50 dose of 323 rad of fast neutrons produced

by the Brookhaven reactor (iii) age of animals subjected to chronic

60Co gamma irradiation at the rate of 7.5 rad per day and (iv) time

after irradiation with a single dose of 234 rad of filtered 250 KVp

X rays.

It was found that the frequency of aberrations is very high in

the neutron treated animals and even increases to nearly 90% in

succeeding months. This finding is consistent with the fact that

there is little or no recovery from fast neutron irradiation as far

as life-shortening is concerned. Comparison between the effects of

chronic gamma irradiation and acute X irradiation shows that

recovery occurs and that chromosome healing must take place.

These observations support the tentative hypothesis that accelera-

tion of ageing by radiation is due to the induction of mutations in

somatic cells. However, it is considered that there must be other

factors also involved in ageing.

11. RBE OF FAST NEUTRONS

This brings us to the problem of the relative biological effectiveness

(RBE) of fast neutrons. The paper by Upton, Randolph and Conk-

lin °) deals with studies of the influence of the dose rate on the RBE

of fast neutrons of different energies in relation to 6°Co _ rays for

late somatic effects in mice. Fast neutrons in three energy ranges

were used, with mean energies of about 1, 5, and 14 MeV. The

female RF mice, starting at 10 weeks of age, received total body

irradiation at different dose rates, ranging from about 100 rad/min

to less than 7 × 10 -5 rad/min until a predetermined dose had been

accumulated or until 50% of the animals had died.

The results confirm and extend observations by other workers

that the effectiveness of gamma-rays may vary inversely with inten-
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sity by a factor of at least 3 to 5 whereas that of fast neutrons is

generally less, if at all, intensity dependent. There was no detectable

change of the effectiveness of fast neutrons with dose rate for short-

ening of life, but a substantial rate dependent variation in gamma-

ray effectiveness for this process. The low RBE of fast neutrons for

induction of ovarian tumours in mice is particularly puzzling. The

energy of the neutrons is of quantitative importance, e.g., the 1 MeV

neutrons appeared to be most highly cataractogenic, possibly be-

cause of the high values of LET. The RBE exceeded 10 only for
cataract induction.

12.LENS OPACIFICATION

Cataract formation, i.e., opacification of the lens, is one of the most

constant findings in the study of the late effects of exposure to fast

neutrons. The paper submitted by Kimeldorf h) describes work de-

signed to provide information on two aspects of the problem (i)

the lens opacification response to fast neutrons used in young adults

with respect to dose, and (ii) the effect of age at exposure upon the

development of opacification for the same dose. The fast neutrons

had an energy distribution similar to that of fission. All doses were

administered as single total body exposure. The degree of opacifica-

tion was graded in severity on a four grade scale. The incidence

of non-irradiation cataracts was less than 4% in the eyes examined.

The three higher doses used (230, 320 and 360 rad) were found

to be capable of inducing complete opacification. The proportion

of animals with complete opacification at a given time increases with

dose. The data suggest that both latency and incidence of complete

opacification are dose dependent.

The threshold dose for complete opacification in rats exposed as

young adults is above 50 rad and less than 230 rad of the fast

neutrons studied. The dose of about 230 rad was capable of inducing

complete opacification, i.e., Stage IV cataract, regardless of age at

exposure, in all cases with a latency to complete opacification of
36 to 40 weeks.

The proportion of lenses which did not show any opacification

increased with the age of exposure from 3 % for irradiation of young

adults to 60% for irradiation during old age. There are still many

problems to be elucidated in this field.
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13. BONE

Finally, we come to the problem of the late effects of incorporated

alpha-emitters on bone. In a detailed experimental study Stover and

Jee n) describe selected skeletal samples obtained from healthy con-

trol beagles, and from beagles injected with a single intravenous dose

of about 3/_C of 239pu per Kg in young adulthood at 14 to 23 months

of age. These exposed dogs lived for 3 to 5 years after injection and

at death their skeletons and livers had been severely damaged.

Various areas of control and irradiated humeri and lumbar verte-

brae have been analysed for water, organic and mineral contents,

and similar samples have been studied by histological and micro-

radiographic techniques.

The level of dosage of 239pu used is known to result in severe

skeletal degeneration, with spontaneous fractures and osteoporosis,

as well as the development in some cases of osteogenic sarcoma.

However, the ratios of the average bone weights are essentially the

same as the ratios of the average body weights, which is a remark-

able finding.

A number of significant differences between average control and

average irradiated composition values were observed. The decrease
in fractional water content of the irradiated vertebrae correlate well

with the histological and microradiographic findings. The loss of

marrow and the hypermineralization of the existing bone in the ver-

tebral body are consistent with decrease in water and increase in

mineral contents. In the irradiated humeri, hypermineralization is

observed in the proximal epiphyseal region.

The results discussed illustrate some aspects of the complex prob-

lem of evaluating radiation dose rates and doses from 239pu deposit-

ed in bone, for bone changes with time and with irradiation.

The last paper to be summarized is the work of Hasterlik, Finkel

and Millert). In the environs of Chicago there are approximately

400 women who worked as dial painters at some time in the past.

However, this study has concerned itself primarily with women whose

occupational history antedated 1925. Of the 264 subjects whose body

radium content has been determined at the present time, it has been

possible to complete detailed radiographic studies of the entire

skeleton in 236. Gamma ray spectroscopy showed evidence of meso-

thorium in addition to 22eRa in only 2 cases. The criteria for coding
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the radiographic changes in the bones have been mutually agreed and

discussed with the other two research groups carrying out similar

studies in the USA. The regions of radium burden above and below
th .... Cent oeellnfltlorl_] mnximllm nerrnlssible level of one-tenth

of a microcurie are of extreme importance.

In the range of one-hundredth up to one-tenth of a microcurie,

90 subjects were radiographed. Of these, 80 showed no bone lesions,

8 had minimal changes, one had mild changes and one had moderate

changes. None had advanced lesions or malignancies.

In the range of one-tenth up to 1 /_C, 61 patients were radio-

graphed. Of these, 25 showed no bone changes, 13 showed minimal

changes, 9 mild and 9 moderate and 5 showed advanced changes;

three patients had malignant neoplasms. It is to be noted that the

lesions classified as "advanced" are for the most part crippling and

of clinical significance.

There were 41 patients with more than 1 #C of radium; 40 of

these were radiographed. 28 had advanced bone lesions and of these

14 had malignant neoplasms. There have been no cases of myeloid
leukaemia.

It is clear that a correlation exists between the terminal radium

content of the body and the number and severity of bone lesions.

The evaluation of the initial radium burden is obviously a very dif-

ficult problem. It is of great interest that no advanced bone changes

or malignant neoplasms were seen when the terminal radium con-

tent was below 0.1 #C of 226Ra.

14. CONCLUSION

So far I have tried to be objective. The Chairman suggested that

it would be useful for me to add some personal comments. It is clear

that there is a need to continue these investigations during the next

four years. Further, I would like to suggest that there is a particular

need for two main types of study: first, the biochemical basis of the

initial lesions, including macromolecular lesions, leading to the late

effects, and second, clinical investigations of the effects of irradia-

tion, especially at relatively low dose rates in patients and at low

dose rates in exposed populations.
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DISCUSSION

H. S. MICKLEM

Medical Research Council RadiobiologicaI Research Unit, Harwell, Berks., Great Britain

LeongJ) said that the irradiated animals in his experiments were

as well able to replace liver mass as the controls. Moreover, the

cells which made up the regenerated mass after partial hepatectomy
were of the same size in irradiated and control animals.

Hasterlik _) said that in his opinion it was important to study the

excretion rates for radium in man experimentally. He thought it

could be done safely. It was not possible to extrapolate with certain-

ty from results obtained with small animals.

Kohne, i) referred to the estimate of Michaelson and his collea-

gues 1) that the recovery half-time after whole-body radiation in man

is between 15 and 22 days. He asked how this estimate was made.

In reply Michaelson said that in animals a linear relationship existed

between the recovery half-time in a given species and the basal

metabolic rate. Davidson 1) had also shown that there was a rela-

tionship between recovery half-time and the time required for maxi-

mum depression of white blood cells. On the basis of basal metabolic

rate, it was, therefore, possible to estimate the recovery half-time

(and likewise the time of maximum leukocyte depression after a

single exposure) in man.

Alexander (Chester Beatty Res. Inst., London SW7, Great Britain)
wanted to know for what reasons Guttmann and Kohn ascribed

radiation-induced intercapillary glomerulosclerosis to an auto-im-

mune process. Guttmann e) replied that this view was only hypo-

thetical, but that there were three reasons for putting it forward.

Firstly, the glomerular lesions were very similar to those seen in

nephrotoxic nephrosis produced experimentally by anti-kidney im-

mune sera. Secondly, one had to explain the presence of a latent

period between X irradiation and the development of pathological

changes. Thirdly, it had recently been demonstrated in his labora-
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tory that gamma-globulin appeared in the glomeruli 45 to 65 days

after irradiation; this was not direct evidence of an antigen-anti-

body reaction, but in conjunction with the other findings it seemed

to warrant fi_rther investigation of the r61e of antn-irnmnno am-..................... Â--v

cesses in the pathogenesis of intercapillary glomerulosclerosis.

Alexander also asked whether Hasterlik and his colleagues

thought that their new data made it necessary to reconsider the

currently accepted levels for maximum permissible body burdens

of radium. Hasterlik replied in the negative. He pointed out that

his examinations had been carried out long after exposure to radium,

and that earlier body burdens had undoubtedly been much higher.

Also it was possible to detect radiographically lesions which were

far too small to have a clinical effect; and it was on a basis of clinical

effect that permissible body-burdens were generally determined.

Rajewsky (Max Plan& Inst., Frankfurt am Main, Germany) asked
whether Hasterlik had found tumours other than sarcomata in his

studies. Hasterlik replied that they had seen 8 epithelial tumours

of the mastoid and para-nasal sinuses. Such tumours were normally

very rare. He did not think that this implied a specially high radio-

sensitivity for these epithelia; they were very closely applied to bone

and therefore susceptible to irradiation from it.

Mewissen (Inst. Bordet, Brussels, Belgium) said that in an experi-

ment carried out in Chicago with Rust and others2), he had demon-

strated a significant reduction of lifespan in the progeny of irradiat-
ed male C57BL mice mated with non-irradiated CBA females. No

difference was however observed when the female was the irradiated

parent. Did Kohn have any data concerning the progeny of irradiat-

ed females mated to non-irradiated males? Kohn replied that the

ovary was exceptionally radiosensitive, 50 to 100 rad being sufficient

to sterilize. In contrast, up to 750 rad could be given to the testis,

with recovery after about 6 months. For this reason, no experiments

had been performed on the effect of irradiating the female parent.

Hulse (MRC, Harwell, Great Britain) wanted to know whether

Smith m) had any theories as to how irradiation initiated the accu-

mulation of macrophages in the alveoli. Presumably the macro-

phages were attempting to remove some substance. What might

the substance be? Smith replied that Bertalanffy and Leblond a) had

shown the alveoli to be populated by vacuolated and non-vacuo-

lated cells, which had generation times of about 8 and 30 days.
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The suppression of mitosis of these cells, together with obstruction

of the lymphatic channels through which they might leave the lung,
could account for their accumulation within the alveoli.

Kaplan (Dept. Radiol., Univ., Palo Alto, Cal., USA) wondered
whether the results of Messerschmidt k) and his colleagues could

be interpreted in terms of a delayed compensatory hypertrophy of
the bone marrow 14 days after splenectomy. By analogy with the

events following oestrogen injection, 14 days was the interval at

which compensatory hypertrophy might be expected to develop,
and it might make the animal less radiosensitive. In reply Melching k)

said that a protective effect could be seen even in animals splenect-
omized 6 hr after irradiation.

Arghittu (Centro Appl. Militari Energia Nucleari, Pisa, Italy) recalled

the classic experiments of Jacobson, Lorenz, Ellinger and others,
which showed that the spleen possessed a factor which combatted
the effects of radiation. He asked how Messerschmidt and his collea-

gues explained the apparent paradox that splenectomy in their ex-
periments had a protective rather than an aggravating effect. Mel-

ching replied that the phenomenon could best be explained in terms
of biochemical changes which they had shown to occur in the spleen

after irradiation. These might well have an adverse effect on survi-

val. Smith pointed out that massive cytolysis of lymphoid tissues

occurred within 6 hours of whole-body irradiation, and that this

might be the reason why removal of the spleen had a favourable
effect.

The Chairman (Bugher, Agr. Bio-Sci. Div., Univ. of Puerto Rico,

Mayaguez, Puerto Rico) concluded the discussion with the observa-

tion that participants in it had tended to avoid the difficult and

practically important question of life-shortening after irradiation.

REFERENCES

1) H. O. Davidson, The Johns Hopkins University, Baltimore. Report ORO-

T-357 (1956)

2) A. M. Budy, J. H. Rust, D.J. Mewissen and R. D. Boche, Acta Radiologica:

in press

a) F. D. Bertalanffy and C. P. LeBlond, Anat. Rec. 115 (1953) 515

407



Late Effects in Mammals

IRREPARABLE DAMAGE

TO THE REPRODUCTIVE ORGANS

E. C. AMOROSO

Department of Physiol_y, Royal Veterinary College, London NW1, Great Britain

a) S.O. BROWN, G. M. KRISE and H. B. PACE,

Effect of chronic radiation on successive litters of the female albino rat.

Radiation Biology Laboratory, Texas A and M College, College Station, Texas, USA

b) j. DE BOER,

The effects of chronic whole-body irradiation on the reproduction of C57

black mice.

Air Force Special FVeapon Centre, Kirtland Air Force Base, New Mexico, USA

e) L.E. GLASS and TEH-PING LIN,

Irradiated and non-irradiated mouse oocytes transplanted to X irradiated

and non-irradiated recipient females.

Department of Anatomy, University of California, San Francisco, California, USA

d) PATRICIA J. LINDOP, B. W. G. MORGAN and J. ROTBLAT,

The effect of whole-body irradiation on the fertility of female mice.

St. Bartholomew's Hospital Medical College, London EC1, Great Britain

e) PATRICIA J. LINDOP and J. ROTBLAT,

Study of the offspring of irradiated mice.

St. Bartholomew's Hospital ._iedical College, London EC1, Great Britain

f) K.G. L/2NING,

The breeding capacity in offspring of a mouse population given spermato-

gonial irradiation.

Laboratory of Radiation Genetics, Stockholm, Sweden

g) ANITA M. MANDL,

The radiosensitivity of the pre-ovulatory Graafian follicle.

Department of Anatomy, University of Birmingham, Birmingham 15, Great Britain

h) HANNAH PETERS and EMELIA LEVY,

The effect of radiation in infancy on the fertility of female mice.

Finsen Laboratory, Finsen Institute and Radiumstation, Copenhagen, Denmark

1) N.V. SAVKOVIC, D. V. RADIVOJEVIC and S. I. HAJDUKOVIC,

Effect of whole body and local X irradiation on the reproductive ability of

infantile male rats and changes in the first generation.

Institute of Nuclear Sciences "Boris Kidrich", Belgrade, Yugoslavia

J) A.G. SEARLE,

The productivity of daughters of X irradiated mice and the sex-ratio in

their offspring.

Medical Research Council, Radiobiological Research Unit, Harwell, Berkshire, Great
Britain



E. C. AMOROSO 

Fig. la. Photomicrograph of a 3- 
day control ovary showing prim- 
ary follicles (Stage 1) and many 

primary oocytes. 

Fig. 1 b. Photomicrograph of the 
ovary 3 days after irradiation. 
Most of the oocytes show degen- 
erative changes, and the number 
of normal primary oocytes is 
greatly reduced. The activity of 
the germinal epithelium is sup- 

pressed. 

Fig. IC. Ovary 6 days after irradia- 
tion, showing the resumption of 
oogenesis in the germinal epithe- 
lium and the increase in the num- 
ber of healthy primary follicles. 

(Sundaram and Desai.) 
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1. INTRODUCTION

It is now well recognized that the gonads are highly sensitive to the

effects of ionizing radiation. These post-irradiation changes vary

in intensity and depend not only on the age of the animals at the

time of exposure, but also on the dose rate, a single acute dose of

radiation being much more effective in producing damaging effects

than the same dose applied chronically. The methods of evaluating

the resulting damage have included studies of histological and cyto-

logical changes in the gonads themselves and of impairment of sub-

sequent reproductive capacity. Much can also be learned from a

quantitative study of the dose-response interrelationships, but great

caution must be exercised in their interpretation. Contributions

along these lines are well represented in this session and will be

considered under the following sub-headings:

Structural and functional responses to radiation (section 2).

Genetic hazards of ionizing radiation (section 3).

Modification of the biological response of mammals to radiation

(section 4).

2. STRUCTURAL AND FUNCTIONAL RESPONSES TO RADIATION

In studying the histological effects of exposure of the female mouse

to a single dose of 20 r of deep X rays given within 24 hours of

birth, Sundaram and Desail) observed extreme sensitivity, mani-

fested by suppression of oogenesis from the germinal epithelium, a

pronounced reduction in the number of primary oocytes, and a

marked increase in degenerating oocytes (Fig. 1). These radiation

effects were, however, temporary and reversible, ovarian histology
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returning to normal after 14 days without showing an influence on

the subsequent maturation of follicles. Even though morphological

recovery in the ovary appeared complete, the reproductive perform-
ance of the animals was, nevertheless, greatly reduced.

These data, together with those available on the effects ot'a single

exposure of 27 r (Murray1)) on sexually mature animals, led to the

conclusion that there is a critical phase in the development of the

ovary when marked sensitivity to irradiation is exhibited at a dose

level that, in the adult animal, is ineffective in causing histological

damage.
Peters and Levyh), employing other biological criteria, adduced

physiological evidence to corroborate the known differences in his-

tological sensitivity to the effects of radiation at different stages of
postnatal gonadal development. With the same dose of radiation

used by Sundaram and Desai, namely 20 r, they showed (Figs. 2

and 3) that the reproductive capacity of their mice was depressed

60 4.9

40 3.3
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R
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Fig. 2. Reproductive capacity of Fig. 3. Average number of litters
female mice as a function of their per mouse in females irradiated
age when exposed to 20 r. (Peters with 20 r, at different ages.

and Levy.) (Peters and Levy.)

to its lowest value of 1.4% of normal when the animals were irradi-

ated at 21 days of age; irradiation before and after this critical period

effected a less striking reduction in fertility. In contrast, however,
to the findings of Sundaram and Desai, the radiation-induced im-

pairment of reproductive functions was progressive. No improve-

ment in the reduced fertility was observed even after a latent period,

suggesting that damaged oocytes neither recover nor are replaced.
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In these two studies, the differences in radiosensitivity, as judged

by fertility, could have resulted from differences in chromosomal

configuration in the two strains of mice at the time of birth, dictyate

on the cme hand and pachytene on the other, since it is known that

oocytes in the rat are more radiosensitive in the dictyate than in

the pachytene phase.

Utilizing a wide dose range of X rays from 15 r to 2200 r, Mandlg)

studied the effects of radiation on the fertility of the female rat
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Fig. 4. Survival of implants after irradia-

tion of female rats at different times before

mating. (Mandl.)
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Fig. 5. Survival of implants after

irradiation at different stages of

the maturation division. (Mandl.)
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x --- x Premetaphase.

.... . Early metaphase.

• .... • Late metaphase.

emphasizing the extreme sensitivity of the germ cell. With the know-

ledge that there is some degree of synchronization of maturation

division and the diurnal light cycle, and that under normal labora-

tory conditions of lighting ovulation takes place at about 2.0 a.m.

and early diakinesis at about 5.0 p.m., the ovary was irradiated at

various times that could be closely correlated with meiosis.
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Judging by the proportion of viable implants, as shown in Figs.

4 to 6, radiosensitivity of the pre-ovulatory follicle rose between noon

and early evening preceding ovulation; irradiation at noon on the

day of pro-oestrus was followed by a higher mortality than that

performed 5 to 35 days before fertilization. Furthermore, the shorter

the interval between irradiation and ovulation, the greater was the

number of eggs which failed to implant and, to an even greater ex-

tent, the incidence of embryonic mortality. It was clear, never-

theless, (Fig. 7) that the total number of implants was not signifi-

cantly decreased except by high doses of radiation.
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Fig. 6. Number of ova implanted

after irradiation at different stages

of the maturation division.

(Mandl.)

Key as in Fig. 5.
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Fig 7. Number of ova implanted

after irradiation at different

times before mating. (Mandl.)

Key as in Fig. 4.

In unilaterally spayed rats, in which the excised ovary served as

an index of the maturation stage at which the animal was irradiated,

histological examination confirmed that radiosensitivity increased as

maturation division approached and proceeded. In fact, there was

some evidence suggesting that radiosensitivity began to increase

even before any unequivocal morphological changes associated with

impending division could be discerned in the oocyte nucleus. Prior
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to fertilization, the oocyte in small and medium-sized follicles (4 days

or more before mating), was shown to be three times as radioresis-

tant as that some 12 hr before fertilization, whereas after fertiliza-

tion the radiosensitivity of the zygote again declined. Indeed, as

early as 12 hr after fertilization the zygote exhibited considerably

less radiosensitivity than the unfertilized oocyte during meiotic meta-

phase.

Mandl has recorded an additional observation of some interest

regarding the corpora lutea of pregnancy; the number of ova shed

was not drastically reduced by even high doses of radiation. On

the contrary, Mandl has provided proof for the suggestion of

Brown and his co-workers a) that doses in the range of 150 r to

600 r frequently resulted in superovulation of"under-sized follicles,"

particularly in animals exposed a few days before mating. Relatively

few of these ova implant, however, particularly following irradia-

tion during the evening of pro-oestrus.

Whereas the three preceding studies were concerned with the

effects of acute doses of ionizing radiation, de Boer's b) experiments

involved the exposure of C57 black mice to chronic whole body

gamma radiation from a 60Co source for 23 hr daily, so that the

animals received daily doses of chronic radiation amounting to 2 r,

5 r, 10 r and 20 r before conception. In this investigation radiation

damage was assessed by combining histological criteria with fertility

studies that included the time of production of the first litter, a

valid parameter when one takes into account the adverse effect of

ageing per se.

De Boer's experiments revealed a greater sensitivity of the male

to the deleterious effects of radiation. There were no indications,

however, of a decrease in the reproductive life span of the animals,

corroborating histological evidence suggesting that the organism as

a whole is capable of making adjustments which lessen the effects

of chronic low dose irradiation.

The histological criteria comprised the quantitative estimation

of Sertoli cells, which did not vary significantly at any radiation

level, and of the following four cell types which decreased signi-

ficantly: type A spermatogonia, spermatocytes in leptotene and

pachytene stages of development, and developing spermatozoa.

Grossly, there was a significant decrease in the body weight and in

the weight of the testes. In the case of the ovary, however, such
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specific correlations of gross and histological structure with radi-

ation damage were not possible, although there was a strong su-
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spicion of a relationship between gonadotrophic hormone levels

and damage due to radiation, which might account for the less pro-
nounced radiation effects.

Iitilizing _lbino rats rather than miee_ a._ in de Boer's studies,

Brown, Krise and Pace a) evaluated the effect of chronic low-dose

gamma radiation upon the fertility and reproductive capacity of the

female and her offspring. The test animals, in groups of 10, were

exposed to chronic gamma-radiation from a 60Co source for 23 hr

daily at levels of 0 r, 2 r, 5 r, I0 r and 20 r immediately following

conception, and were kept in the radiation field for the duration of

their reproductive lives.

Analysis of the results (Fig. 8) showed that for six successive

litters at the 2 r, 5 r and 10 r daily radiation levels, neither the

fertility nor the reproductive capacity differed significantly from the

controls. On the other hand, at 20 r daily only one offspring was

born in the fifth litter to the five surviving females and none was

born in the sixth; all the offspring appeared normal, except for a

slight decrease in average weight of the newborn. Age would thus

appear to be an important factor influencing the size of litters pro-

duced near the termination of the reproductive life span of the
albino rat.

Whereas, however, offspring from the third litter reproduced
when irradiated males were mated with irradiated females on the

2 r and 5 r levels of daily radiation, males that received 10 r and

20 r from the time of conception were sterile. These results are in

agreement with data regarding the differing radiosensitivity of the

germ ceils in the two sexes. They indicate, moreover, that during

chronic radiation the ability to repair the radiation-induced damage

within the animal is sufficient to maintain the functional integrity

of the oocytes during the normal reproductive life span of the albino

rat subjected to 2 r and 5 r daily levels of a whole-body chronic
irradiation.

3. GENETIC HAZARDS OF IONIZING RADIATION

Turning to the genetic hazards of ionizing radiation, there is increas-

ing evidence that many mutations may have slight dominant dele-

terious effects that may culminate in a greater population damage

than that caused by the lethal effects of homozygous mutations

(Russell, Russell and Oakberg2)). In any attempt, therefore, to esti-
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mate the genetic effect of ionizing radiation on fitness in general, it

is very important to obtain data on the immediate offspring of those

exposed in order to ascertain the nature of the dominant deleterious

factors being induced. Equally important is the necessity to employ

sibling, as well as random matings, since the expression of both reces-

sive and dominant genes can be detected in brother × sister matings,

whereas random mating reflects mainly dominant mutations.

In studying the production of both dominant and recessive muta-

tions that adversely affect fertility in mice, Liining f) utilizing both

sibling and random matings, tested the effect of irradiation of sper-

matogonia with 276 r of X rays for four generations. Impairment of

fertility due to dominant genes, manifesting itself by a reduction

in the number of litters per female surviving the test period, was

not observed, nor was complete sterility. Furthermore, a significant

difference in post-natal lethality between the control and the irra-

diated group was not detected. There was, however, the suggestion

of a slightly higher intra-uterine death rate among the brother-sister

matings in the irradiated group, similar to that reported by Searle

and due possibly to the action of recessive lethals. Such differences

did not, however, reach a significant level. This relative absence of

radiation effect was similar to that found by Carter and Lyon 3) who

used much higher doses (600 r). On the other hand, the only frankly

significant finding was a decrease in the number of corpora lutea

in females from the irradiated group (Tables 1 and 2). This suggests

some general deleterious dominant genetic effect of the radiation,

since the females were the progeny of an outcross, and probably

polygenic. It calls attention also to the necessity of considering

factors other than foetal loss in evaluating the effects of radiation in

the reduction of litter size at birth.

Spalding and Strang k) have studied the comparative resistance

of two lines of mice with different parental histories of exposure to

chronic gamma and fractionated X irradiation.

The grand offspring of a line in which the sires received 200 rad

of X rays at weaning for 15 consecutive generations were signifi-

cantly less resistant to both continuous low intensity X rays and

to fractionated acute X ray exposure than were control line mice. This

reduced radioresistance was attributed to radiation-induced genetic

damage, but could conceivably have been due to changed genetic

selection at the time the separate lines were established.
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TABLE 1

Effect of irradiation on fertility in mice (Liining)

A. Brother × sister matings between offspring from the 4th generation of the

irradiated and the control populations. Dissection of the ]st, 2nd or 4th litter,

Series Litter Alive
Dead Corpora

or Im- % Corpora Fe- Lutea/
Males planted Dead Lutea males female

Irradiated 1 711 97 808 12.00 894 133 6.72

Irradiated 2 886 122 1008 12.19 1080 141 7.66

Irradiated 4 171 43 214 20.1 232 28 8.29

Total 1768 262 2030 12.91 2206 302 7.30

Control 1 898 83 981 8.46 1091 151 7.23

Control 2 864 111 975 11.38 1060 138 7.68

Control 4 163 39 202 19.3 203 26 7.81

Total 1925 233 2158 10.80 2354 315 7.47

B. Non-brother X sister matings.

Irradiated 1 1370 169 1539 10.98 1720 245 7.02

Irradiated 4 219 44 263 16.7 277 35 7.91

Control 1 1639 216 1855 11.64 2118 289 7.33

Control 4 135 31 166 18.7 174 21 8.28

Statistical analysis of the figures given in this table reveal that at the first preg-

nancy the number of corpora lutea is significantly lower in the irradiated than

in the control group (P<0.001). At the second and fourth pregnancy this was
not the case.

TABLE 2

The number of corpora lutea at the first litter in females from the fourth generation

of the irradiated and the control populations of mice (Lfining)

Series Corpora Lutea Females Corpora Lutea/_male

Irradiated 2614 378 6.92

Control 3209 440 7.29

In an attempt to verify Russell's 4) observation that the offspring

of irradiated male mice have a life span shorter than that of the

offspring of non-irradiated fathers, Lindop and Rotblat e) com-

pared the life span of unirradiated mice from unirradiated fathers

with that of mice from one or more generations of irradiated male

ancestors. For this purpose the mice were given a single whole-
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body dose of 350 r at four weeks of age. After statistical analysis, the

authors conclude that there was evidence neither of decreased long-

evity in the offspring of irradiated fathers nor of a cumulative effect

of three generations of parental exposure either on lif'e span or sensi-

tivity to radiation. In the first generation, however, a significant

difference in fertility between irradiated and non-irradiated fathers

was observed (52 ± 5% compared with 30 :k 5%), although by

the second breeding complete recovery had taken place.

An incidental, and as yet unexplained, observation was the gra-

dual decrease in the loss of weight between irradiated and non-

irradiated groups in successive generations. By the third generation

in fact, the difference in weight between the two groups was virtu-

ally abolished.

SearlO), in a study methodologically similar to the three just de-

scribed, investigated the effect of X radiation on fertility in mice,

with particular reference to the sex-ratio of the offspring. Three

generations of female mice, the fathers of which had received 2

doses of 600 r high intensity X ray to the gonads at 6 and 14 weeks

of age respectively, were observed. The daughters of the irradiated

males were outcrossed, allowed to produce four litters and autopsied

during their fifth gestation. The two most striking effects of irradia-

tion of the grandfathers were decrease in litter size and in the propor-

tion of males in the F2 generation.

2O
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LITTER SIZE

Fig. 9. A comparison of litter size frequency distributions in the offspring of

daughters of control (open columns) and irradiated (solid columns) male mice.

(Searle.)
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Study of litter size frequency distributions (Fig. 9) shows that in

the irradiated series there is a distinct flattening of the histogram,

with a lower proportion of litters containing 6 to 8 young and a
h_e,hor nrnnnrtion with 0 to 5 voun_,. The decrease in litter size

AAA_ .... 17 -- -- r" -- - •

and proportion of males was interpreted as reflecting induced sex-

linked recessive lethals carried by the daughters of irradiated males

and killing about half the sons of females carrying them. The irra-

diated males might, of course, also have Iproduced a higher pro-

portion of XO daughters. As Russell 5) has shown, these females

would be normally fertile, except that half their sons would die

because of lack of an X chromosome (YO condition). Both these

conditions would tend to decrease the sex-ratio in the second post-

irradiation generation, and together would contribute to a decrease

in litter size. Searle believes, however, that the decrease in litter size

(approximately 6%) is due in part to the induction of dominant

semi-sterility, attributable to chromosomal translocations. In this

connection the results of studies by Lyon, Phillips and Searle, pre-

sented elsewhere at this Congress6), confirm the finding of induced

semi-sterility following spermatogonial irradiation.

Turning briefly to the human species, one must appreciate that

information concerning the biological effects of radiation in man is

of immediate importance, not only because man is man, but also

because during the last 50 years of his existence, many important

artificial sources of radiation have been released by him and are used

extensively. In human beings, genetic effects are, however, very dif-

ficult to evaluate. No experiments can be undertaken and a pure

strain of Homo sapiens does not exist. Many intelligent approaches

have nevertheless been made, such as the family study by Wald

and co-workers m) of women who, as radium dial painters, were

exposed to long term internal radiation.

These investigators were especially concerned with ascertaining

firstly, whether any cytogenetic abnormalities were present in the

blood cells of the women undergoing continuous internal radiation

and secondly, whether any cytogenetic evidence could be found of

a relationship between a significant maternal body-burden exposure

to radium and anomalies in the progeny. Preliminary analyses in

four of the dial painters revealed two instances of increased aneu-

ploidy and three of increased chromosomal aberrations. It was dif-

ficult, however, to quantitate the radiation exposure that may have
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produced the observed results, and even a crude estimation of the

gonadal dose was not possible.

Although certain genetic anomalies were observed in the progeny
of these dial painters, the authors properly stressed that selection

had been exercised, in that the families studied were those in which

frequent miscarriages and congenital anomalies were recorded. It

is interesting, however, to consider that the three instances of defi-
nite anomalies in the offspring were discovered in association with

increased aneuploidy in the peripheral blood cells. The issue in

question is whether the cells that divide in peripheral blood culture

are derived from the bone marrow. If they are produced in the
lymph nodes, as recent work by MacKinney and his co-workers 7)

would seem to suggest, this method may be an inappropriate way to

RIGHT UTERINE HORN LEFT UTERINE HORN

A Or DONOR EGGS

Ld

w

<
z

o_

m
w

h

hi

Z

Ul

W

4

3

2 =

1

78

,n 5B

liii]I IiiiilI Iii t,, co  mo!
23 21 20 1 1

_5

l i 3 !i!!o!

23 21 20 I I

NUMBER RECIPIENTS

B 250 r DONOR EGGS

3 67

23 23 22 3 0

84

F](.o!(o!
23 23 22 3 0

NUMBER RECIPIENTS

100 250 400 600 0 100250400600

RECIPIENT XRAY DOSE (r)

Fig. I0. Effect of in vivo and in vitro X irradiation on foetal development. (Glass

and Lin.) Hatched columns: living donor foetuses. Open columns: living native

foetuses. Figures at the tops of columns show the number of living foetuses
observed.



IRREPARABLE DAMAGE TO THE REPRODUCTIVE ORGANS 421

study bone marrow radiation effects in the dial painters themselves,

although it appears quite suitable for the study of their progeny.

4. MODIFICATION OF THE BIOLOGICAL RESPONSE OF

MAMMALS TO RADIATION

Attempts to elucidate factors capable of modifying the histological
and functional responses to radiation comprise the substance of the

remaining three papers.

In their experiments Glass and Lin e) tried to distinguish maternal

from oocyte or embryonic response to irradiation. For this purpose a

comparison was made of the effect of X radiation on unfertilized
donor oocytes in vitro (950 r) and on the native egg in vivo after irra-

diation of the mother with increasing doses from zero to 600 r.

The data (Figs. 10 and 11) revealed that as whole body radiation
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of the recipient mother increased, the proportion of native to total

eggs that developed decreased, although the number of resorption

sites did not change significantly. Moreover, the number of animals

the uteri of which contained only native eggs, or both native and

recipient eggs, decreased as the X irradiation to the mother increas-

ed, whereas those containing only donor embryos increased. It

may therefore be inferred that the effect of radiation on the oocytes

in vivo is greater than the effect of similar doses in vitro and that the

destructive effect is directly on the egg, rather than on the ability

of the uterus to maintain the pregnancy. Whether, however, mater-

nal injury was additive to oocyte injury in vivo, or the whether phy-

siological conditions of oocytes in vitro was radioprotective remains
uncertain.

The radioprotective effects of hypoxia were shown in the experi-

ments of Lindop, Morgan and Rotblat d) to be age-dependent, as

were the effects on fertility itself in female mice. The authors had

previously indicated that irradiation of the female with 100 rad at

4 weeks of age resulted in complete sterility. In the present experi-

ments mice irradiated at 1 day of age remained partially fertile after

doses as high as 400 rad. That the protective effect of hypoxia on

the ovary is also age-dependent was evidenced by the complete pro-

tection of ovarian function when the one-day old animal was ex-

posed to 400 rad while breathing nitrogen. Some protection is afford-

ed even after 800 rad, but no such protection was apparent in the

one week old animals, in which complete sterility results from the same

amounts of radiation. In other experiments with 21 week old ani-

mals, using lower doses of radiation, a reduction in fertility followed

exposure to 50 rad while breathing air, whereas very little decrease

in fertility followed irradiation with 150 rad while breathing ni-

trogen.

A final observation requiring further investigation concerned the

cytology of the 1-day old ovary, which is composed of over 50%

oocytes in the pachytene or other pre-stationary phase. These are

the cells which Peters and Borum s) considered highly radiosensitive.

Lindop et al. suggest, however, that the surviving cells retain their

developmental potential and so populate the ovary, with the result

that the gonad appears to have been less seriously damaged, al-

though the actual number of cells destroyed may be large. Breeding

experiments bearing on this problem have in fact previously reveal-



IRREPARABLE DAMAGE TO THE REPRODUCTIVE ORGANS 423

ed shortening of the reproductive life span, but such observations

could not be made in the present studies because an infection in the

colony precluded extended breeding.

Whereas Lindop and co-workers were interested in the effects of

hypoxia, protective action by chemical and biological agents was

demonstrated by Savkovic and collaborators, i) who utilized 8- and

17- day old rats, stating that previous work had not been performed

on the infantile animal. These immature animals were subjected to

600 r of X rays and the protective effects of two chemical compounds
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and of DNA were assessed by administering them to the test animals.

Whole body irradiation reduced fertility markedly, an effect which

was diminished by administering cysteamine and AET prior to ra-

diation, and DNA immediately after exposure (Figure 12a).

When radiation was directed locally to the testis, fertility was less

adversely, affected than in the case of whole-body irradiation. In

this locally irradiated group, the 8-day old animals suffered twice

as great a loss of fertility as the 17-day animals. Cysteamine had no

protective effect in the testis irradiated group (Fig. 12b). When

only the head was irradiated, fertility was 80 per cent of normal,

and again cysteamine exerted no protective action (Fig. 12c). When

both head and testis were irradiated in the same animals, fertility

was markedly reduced in the 8-day old, but much less so in the

17-day old (Fig. 12d). The authors concluded that cysteamine was

protective only in the 8-day old animals. It must be pointed out,

however, that the fertility of the control irradiated 17-day old group

is over 75%; and therefore a striking protective effect could not be

expected. A further point of interest is that despite 50 per cent reduc-

tion in the weight of the pituitary, no profound alterations in the

reproductive organs were observed. Hence it was assumed that im-

paired fertility may have resulted from damage to the central nerv-

ous system rather than to the gland itself.

In the progeny of the irradiated animals, reduction in growth was

most marked in the progeny of animals subjected to whole-body

irradiation, less so in those with local irradiation to head or head

and testis, and absent in those with testicular irradiation only; 50%

of the animals died and here again cysteamine exerted no protec-
tive action.

In addition to the usual histological changes observed following

testicular irradiation, the appearance of giant cells was striking in

the animals subjected to both whole-body and local irradiation.

These cells are in all probability spermatids within macrophages,

but this like so much else remains to be proved.

From the foregoing it must by now have become apparent that

much remains to be determined concerning the precise sequence of

events that occur in living cells between irradiation and the pro-

duction of a detectable change. The coming years will doubtless

bring new observations and insights, be it in the directions indicated

above or along other lines. In some years hence we may again be
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wondering where we stand and what further progress we have

made: let us hope that we may meet again with greater control

over man-produced radiation sources and with more precise know-

ledge of the methods capable of modifying the responsive capacity

of the living organism to radiation.
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DISCUSSION

M. F. LYON

Medical Research Council, Radiobiological Research Unit,
Harwell, Didcot, Berkshire, Great Britain

The Chairman having invited comments from the authors, Brown a)

began the discussion by mentioning the work of his colleague Cop-

penger. Normal litters were born to female rats placed in a radiation

field of 50 r daily at the time of conception, the total embryonic

dose being about 1000 r gamma rays. The young animals were

viable and apparently normal after three months of post-natal

growth out of the field. In the author's own work albino rats had

been born in the 10th generation of constant irradiation in a field

of 2 r per 23 hr day. There were no apparent differences between

control and irradiated animals in general appearance; possibly there

were genetic effects which had not been determined.

In presenting the paper of Glass and Lin e) the rapporteur had

stated that the in vivo irradiation of eggs was more damaging than

in vitro irradiation. Glass pointed out that this conclusion could not

strictly be drawn since the two types of eggs differed genetically.

Donor eggs irradiated in vitro were hybrid agouti C3H eggs fertilized



426 _. c. AMOROSO

by albino Cal A sperm; native eggs irradiated in vivo were Cal A

eggs fertilized by Cal A sperm. Irradiated donor eggs did better
than native irradiated eggs, which suggested that in vivo irradiation

was more deleterious than in vitro irradiation, but did not demon-

strate it conclusively. Glass also wished to underline the point that

recipient females whose own eggs had been killed were still able

to carry donor embryos successfully. This suggests strongly that the

primary cause of embryonic death was damage to the egg, rather
than damage to the maternal organism. Concerning the number

of resorption sites, the data showed a trend, though not a statistically

significant one, towards an increase with radiation dose. This was
particularly true in females to whom irradiated donor eggs had been

transplanted. In earlier work, where irradiated donor eggs were

transferred to unirradiated recipient females, there was an increase

in pre-implantation death as irradiation dose to eggs increased. The

resorption data could be interpreted as due to increased pre-implan-
tation death of native eggs with increasing whole-body dose to the

recipient females. Finally, there was the point that those interested

in egg transplantation had interpreted failure of donor eggs as due
partly to competition for uterine implantation sites. The present

data showed that as dose of maternal whole-body irradiation increas-

ed, the number of successful native embryos decreased. However,

the increased success of donor embryos was not nearly equivalent to
this decrease. While the data supported the hypothesis of competi-

tive interaction for implantation sites between donor and native

eggs, they suggested also that additional factors were involved in

donor egg success or failure.

De Boerb) was asked by Peters h) to enlarge on his remark that
histological observations suggested that the organism as a whole

could make adjustments which would lessen the effects of radiation

on the reproductive organs. He replied by considering his data from

irradiation at 2, 5 and I0 r/day and the time needed to accumulate
a certain total dose, e.g. at 2 r/day a dose of 600 r requires 300 days,

and at 20 r only 30 days. Comparison of the data suggested an

adjustment in the animals getting a low dose for a long time when

compared with those receiving a high dose for a short period.
Spaldingk) elicited the information from Rotblat that the radia-

tion used in the work of Lindop and Rotblat e) on life span had been

15 MeV X rays, and commented that he himself had carried out
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experiments using both gamma rays and fission neutrons and agreed

with Lindop and Rotblat in finding no correlation between expo-
sure dose to the sire or grand-sire and life span.

In his studies on the decreased productivity of the daughters of

irradiated males SearleJ) wished to point out that one of the two

possible causes was much better established than the other. The

evidence for the induction of heritable semi-sterility was highly sig-
nificant statistically, whereas the decrease in the sex-ratio was only

just significant and certain other data suggested that the effect was
not really as great as it appeared. The induction of semi-sterility was

of interest because it had previously been thought that transloca-

tions were not induced by spermatogonial irradiation, either in the

mouse or in Drosophila.
The first questioner from the floor, Sobels (Dept. of Radiation Genet-

ics, Leiden, The Netherlands) asked Searle what proportion of the reduc-

tion in sex-ratio among the progeny of irradiated grandfathers was

due to genuine sex-linked lethals, and what to the induction of XO
females. Searle was unable to answer this point since his experiment
was on too limited a scale. Crosses with suitable sex-linked markers

had been made but too few individuals were recovered to give an
accurate estimate.

Gowen (Genetics Dept., Iowa State Univ., Ames, Iowa, USA) gave

data in extension of Brown's work. Investigations on 8 long-inbred

strains of mice irradiated continuously with 60Co gamma rays over

22 hr/day at 0.06 to 0.10 r/hr were now in the 16th generation for

3 of the 8 lines. These progeny were and had been over the genera-
tions good mice of comparable first litter progeny to those of the

controls. Success in reaching the 16th generation early was largely

dependent on the biological characteristics fixed in the particular
inbred strains. It was useful to think of the radiation as having been

delivered in three ways: ancestral, embryonic, and somatic irradia-
tion. In normal animals maturation of the germ cells in each genera-

tion eliminated many conditions of the ancestral plasm which were

detrimental to the parents. These experiments supported the view

that similar conditions held for changes brought about through

ancestral irradiation, leaving the progeny relatively free to complete
their normal lives.

Fowler (MRC, Hammersmith Hosp., London, Great Britain)

asked for a comment on Lindop, Morgan and Rotblat's d) finding
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that breathing nitrogen during irradiation gave no protective effect

on fertility in mice aged 7 days. Lindop replied that it was probable

that, at the ages of highest radiosensitivity, the radiation dose used

was too high, so that even if nitrogen had given a protection factor

of 3, the dose would still have been a sterilizing one. More investiga-

tions were needed.

Savkovic, Radivojevic and Hajdukovic i) after irradiating the head

only in adult males had found the progeny to be of small adult size.

Leonard (Dept. Radiobiol., Centre d' Etudes de l' Energie Wucl/aire, Mol,

Belgium) had made experiments of the same type and obtained nor-

mal young. He asked Savkovic how she explained an effect on the

descendants from irradiation of the head, what she thought was the

factor producing this effect, and whether other workers had obtain-

ed similar results with mice. Savkovic thought that perhaps the pit-

uitary was involved. When pituitaries were examined at sacrifice of

these rats which received radiation to the head they were smaller

than normal. Perhaps this explained the effects on the progeny.

Kohn ( Radiol. Lab., Univ. Cal. Med. Center, San Francisco, Cal., USA)

wished to comment on life-shortening in the progeny of irradiated

male mice. In the two pertinent reports in this session, no effect was

found, whereas Kohn had found a small decrement in male progeny

and a trend suggesting an increment in female progeny. He suggest-

ed that some of the variation between experiments might be attribut-

able to points of experimental design, including the strain of mice

used, the radiation doses, and the statistical techniques. His own

results were obtained by fitting a regression line to the results for

seven dose groups (0 to 720 rad).

Curtis (Biol. Div., Brookhaven Nat. Lab., Upton, WY, USA) pointed

out that, from the paper by Lindop and Rotblat, one might infer

that there was selection against deleterious genes in succeeding

generations in mice. He asked if the authors would care to speculate

on the effect of this conclusion on the maximum permissible dose

for industrial exposure, since this was based largely on genetical

considerations. Lindop replied that the authors had certainly been

surprised that a life span shortening was not found after irradiating

the ancestors, and that selection against deleterious genes could be

important. This point seemed even more relevant when one con-

sidered the decrease in the loss of weight produced by a given radia-

tion dose in succeeding generations. However, these findings did not
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justify extrapolating from mouse to man in terms of the maximum

permissible dose.

Sobels asked for Lfining's _) comments on the relatively small

number of recessive lethals recovered in his experiments° C,ou!d

these results be due to a smaller number of loci which could give

rise to recessive lethal mutations in the mouse than in Drosophila?

Lfining replied that data from offspring of the first generation indi-

cated a slightly higher intra-uterine death rate in brother × sister

matings from the irradiated series, the difference from control being

statistically insignificant although over 300 pairs had been tested.

Now data from the 5th generation of irradiation were available.

Pooling the data from the 4th and 5th generations there was a signi-

ficant difference in the rate of uterine death. The figures were 11.6%

and 9.8%, respectively, which was in very good agreement with the

data presented by Lyon in another session. Concerning the sex-

ratio, when offspring of daughters of the first 5 generations were

pooled, there were more than 32000 animals examined in each of

the irradiated and control series. The proportion of males was

50.74% in the irradiated and 50.36% in the control series. Similar

results were obtained when irradiating spermatozoa or oocytes in

females. Thus three independent studies gave the same type of re-

suits, so that it can be concluded that there was no indication of

changes in the sex-ratio in the direction expected if recessive lethals

were present.
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Radiation response of auxin formation by animal tissue.
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Oxygen effect in protein and ribonucleic acid synthesis and colony formation.
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n) B. M. TOLBERT, MARIE G. KRINKS and C. O. STEVENS,

Radiation stability of amino acids, peptides and proteins.

Department of Chemistry, University of Colorado, Boulder, Colorado, USA

1. INTRODUCTION

The key r61e which enzymes play in every function of every single

cell justifies the interest of the radiobiologist and enzymologist in

the question whether enzymes, in fact, are not only the initial but

the crucial point of attack of ionizing radiation, leading to inactiva-

tion of cellular functions and to degradation and destruction of

cells, organs and organisms.

The papers included in this report belong to this category.

In reviewing these, it is the aim of the rapporteur to lay stress on

those points considered most essential by the authors. In this res-

pect I ask the authors to bear with me if, in their opinion, I have

not succeeded in doing so.

The papers to be reviewed fall into three groups, dealing with the

effects of irradiation on enzymes

(i) as dry material

(ii) in cells, organs or whole body

(iii) as pure or purified enzymes in solution.

2. IRRADIATION OF DRY MATERIAL

The first two papers deal with the effect of irradiation on dried

material. Thus Braams e) irradiated yeast invertase with both pro-

tons (2 MeV) and electrons (1 MeV). He established two important

points:

1. A certain fraction ofenzyme molecules is absolutely inactivated.
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2. Another fraction of molecules, although catalytically still ac-

tive, has become heat labile, that is£ it is destroyed by exposure to

about 60 °C for 15' to a greater extent than non-irradiated enzyme.

The D 37 (the dose which leaves 37% of the original material

intact) for the totally altered fraction, i.e. inactive and labile mole-

cules, is less than half the dose required for inactivation by radia-

tion without subsequent exposure to heat. The author suggests that

heat lability, that is, lowering of the threshold for denaturation, is

caused by the breakage of a number of H-bonds concomitant with

a small change of configuration which prevents reforming of the

bonds.

Tolbert, Krinks and Stevensn), also using dry material, report ex-

tensive work on irradiation produced changes in amino acids, pep-

tides and proteins (0.66 MeV gamma rays from a 137Cs source).

One striking fact was the great variability in radiosensitivity of dif-

ferent amino acids, the G(-M)-values (number of molecules M af-

fected per 100 eV) varying by a factor of 15, i.e. G ---- 2 for L-gluta-

mic acid and 30 for L-isoleucine. The initial stability ofdicarboxylic

acids was especially pronounced, while in all amino acids roughly

1/5th of decomposition was caused by decarboxylation. An example

is given in Fig. 1.

30L Chonges in /5}'_ ¢

/ DL-Leocioe, / / /
| ic.,,_c,c._c.,._co_..¢ I- /
I-.,i,_ _ommo_o_o.oo/ / /

o/ / /

/ _
°t/U

O II I I 1 I I I I If I I I I 1 I /
0 I 2 3 4 5 6 7 0 I 2 3 4 5 6

ENERGY INPUT eV /g x I0 -m

Fig. 1. Decomposition and decarboxylation of DL-leucine as function of energy

input. (Tolbert, Krinks and Stevens.)
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The radiation stability of amino acid residues in peptides, how-

ever, is not comparable to that of equivalent free amino acids, nor

are different amino acid residues in a peptide equally sensitive to

radiation. Lastly, but not least, the authors conclude from work

with the enzyme lysozyme, where at 50 eV/molecule almost none of

the original protein is left, yet 60 to 80% of the enzyme activity
remains, that enzymic inactivation requires very extensive chemical

changes.

I feel bound to add that the radiation doses applied were very

large in terms of biological usage, up to 500 Mrad in the experi-
ments of Tolbert and co-workers, and that the absence of water, i.e.

exclusion of indirect effects, does not easily lend support to equating
the results concerning enzyme inactivation with potential happen-

ings in the animal body or in a bacterium. It is only fair to say that
the authors have never claimed so. I might also add that the obser-

vation of partial inactivation, as shown by Braams, has also been

obtained with enzymes in solution.

3. RADIATIONEFFECTSin vivo

Langendorff, Melching and Strefferg) deal in two papers with the
disturbance of protein and amino acid metabolism in the irradiated

animal (mice) or in organs taken from irradiated animals. The X

ray doses applied were 690 r = LD 83/30 (the dose after which

83 % of the animals die within 30 days). The course oftaurine excre-
tion in the urine is plotted against time up to 14 days after irradia-

tion in Fig. 2. Especially pronounced is an increased excretion during

the first 3 days with further irregular increases between 4 to 14 days.
The initial increase in taurine excretion is attributed to radiation

induced activation of proteolytic enzymes and can largely be pre-

vented by administration of histamine or by splenectomy prior to irra-

diation while the later irregularities are to a certain extent abolished

by the administration of serotonin or of pyridoxal-5-phosphate to-

gether with 5-adenosine monophosphate. Clearly the applied proce-
dures are involved. Theories on their action mechanism are propos-
ed and discussed.

A second paper by the same authorsh) deals with decarboxylation

of amino acids in the spleen of irradiated mice immediately and up
to 7 days after irradiation. An effect on decarboxylases was predict-

ed on the basis of the involvement of pyridoxal-5-phosphate, a co-
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taurine in mice subsequent to
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(Langendorff, Melching and

Streffer.)

factor in decarboxylation, which had been observed in earlier ex-

periments. Eleven different amino acids were tested. Their content

in spleen tissue is generally diminished immediately after irradiation

but rises after 3 hr and remains on the whole at a higher level than

before irradiation except for glycine, alanine, glutamic and aspartic

acid. Furthermore, the content of sulphydryl and disulphide groups

was found to be diminished and the cystathionine synthesizing sys-

tem, which requires pyridoxal-5-phosphate, is stated to be partially
inhibited.

The paper by Lebez, Furlan, Antonijevic and Kopiter i) deals

with the disturbance of protein metabolism, which results in an in-

creased excretion of nitrogenous compounds in leucocytes or in iso-

lated perfused spleen, liver and intestine of various animals (frog,

rat, guinea pig, rabbit and ox). This is believed to be due to an in-

crease of proteinase activity, which is accompanied by an increase

in proteolytic activity in autolysing organs. The changes occur after

comparatively low doses applied both in vivo and in vitro (I00 to

900 r) and are considered to be a general irradiation phenomenon

whereby the balance between synthesis and degradation of proteins

is disturbed, leading to autolysis in vivo.
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Antonijevic and Lebez b) deal with the dose and time dependence

of nitrogen excretion in perfused t_og's liver following irradiation.

Here an increase in cathepsin activity, not apparent immediately

after irradiation, develops gradually with time of perfusion. It is

furthermore suggested that on whole-body irradiation cathepsin

release occurs in the spleen and does so much earlier than in the

liver, and that protein breakdown in the liver is the sequence to the

transport of spleen metabolites to the liver by the blood stream.
Some data are summarized in Table 1.

TABLE 1

Catheptic activity in different organs 1 hr after X irradiation.

(Antonijevic and Lebez.)

Tissue Dose (r)

% Increase of SA

AU/mg N AU/Kg wt

Leucocytes a 100 33 16 b

Spleen e 500 198 247

Liver e 900 10 12

SA = specific activity

AU = Anson unit

a = whole-body irradiation

b Anson units/cell

c = organ is irradiated after extirpation.

Radiation response of auxin formation by animal tissues was stud-

ied by Gordon and Buesse). The plant enzyme which converts

tryptophane to auxin (indolacetic acid, IAA) is almost unique in

that it is readily depressed within minutes after irradiation of plant

tissues with the comparatively low dose of several r only. An analo-

gous enzyme exists in animal material, rich sources being kidney,

liver, adrenals and testis of some animals. The radiosensitivity, how-

ever, differs strikingly from the plant enzyme, in that on whole-

body irradiation much larger doses, of the order of Kr, are required

to depress enzyme activity, while smaller doses, 50 to 100 r, cause a

5-fold rise in enzyme activity in the liver of mice. This radiation-

induced rise in enzyme titre, however, is almost certainly a hormone-

mediated stress syndrome. The possible involvement of the trypto-

phanepyrrolase system is discussed and rejected in view of known
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comparative radiosensitivities which also form the basis for consider-

ations of the biochemical pathways between tryptophane and

auxin in the plant and in animal organs.

The release of RNAase bound in the nucleus of lymphoma cells

following X irradiation was studied by Hamilton, Furlan and Alex-

ander*), who examined the distribution of RNAase between nucleus

and cytoplasm in mouse lymphoma cells. After X irradiation both in

vivo and in vitro, the RNAase content is expressed as a multiple or

fraction of the DNA content of either nucleus or cytoplasm. The

normal distribution shows about 72 to 82% of the total RNAase

content to be contained in the cytoplasmic fraction, the nucleus con-

taining between 18 and 28%. The main result of irradiation con-

sists in a slight rearrangement through loss or diffusion of RNAase

from the nucleus through an apparently damaged nuclear mem-

brane as can be seen in Table 2. This loss becomes apparent only

TABLE 2

Changes in distribution of RNAase between nucleus and cytoplasm of lymphoma

cells following upon X irradiation. (Hamilton, Furlan and Alexander).

X irradiation incubation

(rad) (min)

% RNAase/mg DNA in

nucleus cytoplasm

0 0 24- 26 74- 76
2000 120
in vivo in vivo 16 84

6O
0 18 82

in vitro

2000 60
10.4 89.6in vitro in vitro

with time, that is, if cells are incubated for 1 hr at 37 ° after in vitro

irradiation or if they are left in the animal body for up to 2½ hr after

in vivo irradiation. These prodecures led to a rise of RNAase by 10 %

in the cytoplasmic fraction with a corresponding drop between 30

and 39% in the nucleus. The total content of RNAase in irradiated

cells, however, was found to be unaltered. Similarly, there is no

significant change in total RNA in lymphoma cells after X irradia-

437



EFFECTS ON ENZYMES 437

tion up to 2 Kr, although some relative changes between chromoso-

mal and soluble RNA fractions are claimed. The authors couple
these results with references to unpublished data concerning in-

thymus in support of a theory concerning primary biochemical

lesions, to which Bacq and Alexander have given the name "enzyme
release theory".

I should like here to add a brief comment on the question of
radiation-induced activation of enzymes which has been mentioned

in some of the reviewed papers. It should not be thought that
radiation can improve on nature. Enzyme activation has one

definite meaning for the enzymologist, namely the initiating or

raising of the turnover number by the addition of a necessary
physiological factor, such as magnesium, iron, flavin, or a coen-

zyme and so on. Irradiation does not alter the chemical constitu-

tion or configuration of an enzyme in such a way as to increase its

catalytic function, that is, to make it a better enzyme. All so-

called activations are, therefore, at least to my mind, produced
either by suppression of regulatory inhibitors, as in the induction

of phage or of permease or of autolysis, or alternatively by diffusion

phenomena which facilitate access of substrate to enzyme or vice

versa through damaged membranes. Abscopal effects such as a pos-
sible enzyme synthesis under hormonal stimulus are, of course, not
covered by this reservation.

Schwarz, Dreisbach, Barrionuevo, Kleschick and Kostyk m) di-

rected their research towards another facet of the problem, namely
the post-irradiation changes of mitochondrial lipids. Total lipids

and total lipid phosphorus were found to have increased by 30%

in rat liver mitochondria 24 hr after total-body irradiation with 1

Kr. This increase was mainly accounted for by a four-fold increase

of one component of the nitrogen-free phosphatide fraction, i.e., the
phosphatidyl glycerol. Other phosphatides have also been examined

and found to be either unchanged or very slightly decreased. Con-

tinuation of this work, especially in view of the assumed participation

of mitochondrial lipids in electron transfer, offers a promising avenue
to radiobiological investigation.

The paper by Paulyk) forms a transition to the papers dealing with

the irradiation of isolated enzymes. He records the effect of X rays

on the synthesis of RNA and total protein, on the formation of an
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inducible enzyme (lysin decarboxylase), and on colony formation

in B. cadaveris after both aerobic and anaerobic irradiation. The

doses given varied between 5 and 100 Kr. All parameters examined

were exponentially inhibited with increasing dose, with the single

exception of the synthesis of total protein after an aerobic irradiation,

the dose-effect curve of which showed a shoulder in the initial part

of the curve. The inhibitions of inducible enzyme protein and of

RNA synthesis were identical and the oxygen enhancement ratio
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Fig. 3. Inhibition of enzyme induction (lysine decarboxylase) in B. cadaveris as

function of the irradiation dose, applied under aerobic and anaerobic conditions.

(Pauly.)
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Fig. 4. Inhibition of RNA-syn-

thesis in B. cadaveris as function

of the irradiation dose applied

under aerobic and anaerobic

conditions. (Pauly.)
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Fig. 5. Survival of B. cadaveris

as function of the irradiation dose,

under aerobic and anaerobic con-

ditions. (Pauly.)
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in all four systems examined was almost identical, namely 3.7 to 4.0.

These results are illustrated in Figs. 3, 4 and 5. The clearly and con-

vincingly presented data allow the justifiable conclusion that blocking

of RNA synthesis, which, in turn, affects formation ot the shortlived

messenger RNA, is the cause of diminished protein and enzyme

synthesis in irradiated bacteria, leading finally to arrest of bacterial

multiplication.

4. ISOLATED ENZYME SYSTEMS

We come now to the experiments dealing with enzymes in solution,

which throw a great deal of light on some important questions,

such as: What is meant by inactivation, what has been changed and

in which way? Is it the rate of substrate utilization? Is it the Micha-

elis constant and, if so, for what? For substrates, for some co-factors,

for a terminal acceptor, as oxygen? And lastly is it an all-or-none
effect?

Dose a) examined the effect of X and UV irradiation on lactic

dehydrogenase in solution (1 to 2%). While no demonstrable

changes in the amino acid composition of proteins are stated to occur

at doses of up to 700 Krad he found that the electro-chemical prop-

erties of the enzyme were changed, probably by alterations of the

secondary and tertiary protein structure. In fact, an electrophoret-

ically distinct new form of enzyme protein was formed, which yet

retains the properties of the original unirradiated enzyme. A large

number of substances were tried as potential X ray protectors,

amongst them cysteine, cysteamine and reduced glutathione, but

only D-lactate offered pronounced protection.

Adelstein a) offers observations on the properties of X irradiated

glutamic dehydrogenase and describes changes in the kinetics and

physical properties. The main results consist in an increase of the

Michaelis constant for substrates but not for coenzymes, in which

the maximum velocity alone is affected. In addition, X irradiation

of the enzyme destroys the capacity to enhance the fluorescence of

reduced coenzyme. The decrease of fluorescence is directly propor-

tional to the reduction in maximum velocity (Table 3). Experimental

analysis to account for reduction of the enzymic activity has shown

that the association constant of the site for reduced coenzyme

binding is not affected. Coenzyme binding sites are 10st, i.e., their

number decreases and this is the proximate cause for the decreased
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TABLE 3

Effect of X irradiation on the capacity ofglutamic acid dehydrogenase to enhance

the fluorescence of reduced DPNH. (Adelstein.)

Dose per cent per cent

(rad) fluorescence max. velocity

0 100 100
40000 68 73
90000 27 25

capacity of irradiated enzyme to enhance DPNH fluorescence. The

number of titratable sulphydryl groups furthermore decreased ex-

ponentially with dose in the same way as the enzymic activity.

Inactivation of enzymes by irradiation may justifiably be related

to a change in the turnover number of substrate molecules or in the

total number of catalytically active enzyme molecules. To distin-

guish between these two possibilities Mounter J) determined the ester-

ase activity of0_-chymotrypsin, using different substrates, namely the

ethyl esters of acetyl tyrosine, acetyl tryptophane and acetylphenyl

alanine, as well as the activity of acetylcholinesterase acting on 3

different substrates, acetyl- and acetyl fl-methyl choline and isoamyl

acetate. The results revealed considerable post-irradiation differ-
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Fig. 6. Inactivation of acetylcho-
line-esterase, acting on different
substrates, as function of X irradia-

tion. (Mounter.)
ACH : acetylcholine
MCH: methylcholine
IsoAmAc: isoarnylacetate.

ences in the relative rates of hydrolysis of different substrates which

can be interpreted as signifying changes in specificity as shown in

Fig. 6. They have, furthermore, revealed changes in the Michaelis

constant for some substrates but not for others. Thus, alterations

4 41
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in enzymes can occur which involve only partial loss of function

and may to a certain extent depend on the assay conditions. Moun-

ter's evidence supports the conclusion that irradiation causes a

partial denaturation, resulting from the creation of disorder in the

macromolecular protein structure and that this does not appear to

be of the all-or-none type.

Finally Sanner and PihP) have put and answered the question

"why is the dose-inactivation curve of enzymes exponential, if it is,

and why is it not, if it isn't?" Their work emerged from the experi-

mental observation of an exceptionally high yield of X ray inactiva-

tion of papain and of non-exponential dose-inactivation curves for

this and other SH-enzymes. As a rule, the rate of inactivation of

enzymes in dilute aqueous solution decreases with increasing radia-

tion dose. This is due to the fact that inactivated enzyme molecules

compete with active ones-for the agents formed from water. How-

ever, a strictly exponential dose-inactivation can only be obtained

if active and inactive molecules destroy the radiolysis products of

water at the same rate. Experiments with a number of SH-enzymes,

glyceraldehyde-3-phosphate dehydrogenase, alcohol dehydrogen-

ase, and papain, suggested that in fact the active enzyme molecules

react more readily with the radiolysis products of water than do
inactivated ones.
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Fig. 7. Theoretical dose-inactiva-

tion curves calculated for differ-

rent ionic yields (a). (Sanner and
Pihl.)

This led to a detailed theoretical reappraisal of the kinetics of en-

zyme inactivation which, in contradistinction to other theories in the

field ofradiobiology, was not built on apriori assumptions (Figs. 7, 8).

Since the ionic yield decreases during irradiation due to the fact

,t42
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that inactivated enzyme molecules compete for radicals, the initial

ionic yield is clearly the parameter of interest. From this considera-

tion two terms have been derived: "true ionic yield" (a), which is

the initial ionic yield that would be observed in the absence of any

interfering substances, and another term (Dp), which is the dose
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Fig. 8. X ray inactivation of papain. The experimental values are indicated by

circles, the theoretical curves by the fully drawn lines. (Sanner and Pihl.)

required to inactivate the enzyme completely if the rate of inactiva-

tion were to remain constant and equal to the initial one. The "true

ionic yield" is a property of the enzyme.

Lastly the conditions were analysed in which the presence of inac-

tive enzyme molecules in preparations prior to irradiation will or

will not affect the yield dependent on initial yield and enzyme con-
centration.

We have been presented with an"embarras de richesses" of experi-

mental data, each of them trying to probe deeper towards the elu-

sive target of primary biochemical lesion, into the critical neigh-

bourhood of which we may soon enter.

DISCUSSION

N. E. GILLIES

Department of Biolog 2 as Applied to Medicine,

Middlesex Hospital Medical School, London W1, Great Britain

Tolbert n) thought the rapporteur's point that the doses used to irra-

diate dry systems could not be correlated with effects on living sys-
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tems was debatable. We do not know whether radiation effects on

living systems, including nucleus, mitochondria and cell walls, are

more akin to effects in dilute aqueous solutions or in solids. How-
.... r ,Aro rtn I*now thzt the_e _trllCtures have an ordered and crvstal-

line-like structure and for these reasons Tolbert approached the prob-

lem by irradiating isolated biochemical entities. He had found

that approximately 5 to 10 eV are required to break chemical bonds

in the dry state and this causes the disappearance of an amino acid

or an amino acid residue from a peptide or some other structure of

this type. Comparable amounts of energy produce the same effect

in aqueous solutions. Thus the very large doses which are used by

the chemist interested in solid state radiation effects do not repre-

sent unusual radiation stability, but rather the fact that the radia-

tion energy is absorbed by very small amounts of material, and there-

fore doses in the Megarad range must be used.

Schwarz m) pointed out that, in his studies, phosphatylcholine,

phosphatylserine and sphingomyelins contribute to the general in-

crease of phospholipids in irradiated rat liver mitochondria. How-

ever phosphorylglycerol makes a substantially greater contribution

to this increase, and increases by a factor of 4. This is counterbalanced

by a decrease in phosphatyl ethanolamine. Characteristically these

components contain fatty acids, 90% of which are unsaturated.

(Linoleic acid constitutes about 700/o .) This means that these sub-

stances must be isolated under nitrogen to prevent oxidation.

Schwarz has isolated some of the combined nitrogen free fraction

from solubilized mitochondria. These contain some crude enzyme

systems like succinic dehydrogenase and it is possible that phospha-

tydyl glycerol is related to the electron transfer particles. This sub-

stance is unlikely to be a degradation product of other phospholipids

because of some preliminary experiments performed with a_p.

In addition to the remarks made by the rapporteur Melching g,h)

pointed out that the increase in the taurine excretion in mice imme-

diately after whole body irradiation until after the third day was due

to inhibition ofpyridoxal-5-phosphate and perhaps also of the coen-

zymes of decarboxylases. At the same time there are a certain num-

ber of changes in the spleen itself. The influence of substances which

are known to protect the irradiated whole animal differ from case

to case, whereas taurine excretion which results from proteolysis

may also result from splenectomy or administration of histamine.
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Adelsteina) did not wish to debate the rapporteur's statement

that we cannot improve on nature, but did think that X rays may

activate enzymes directly. Such a process may be brought about

by an increase in substrate affinity and in this respect Okadal)

has obtained some interesting and relevant results. With regard to

the contribution of Sanner, Adelstein found that the inactivation

of reduced DPN by radiation is neither linear nor exponential

with dose. Since it is converted almost entirely to the oxidized form

the explicit mathematical formulation of its inactivation can be

derived. Thus the ionic yields can be calculated, not from an initial

extrapolation value, but from a precise value which comes out to

be about 18% of the initial concentration.

Gordon e) had no desire to enter into a discussion with Adelstein

on whether enzymes can be activated by irradiation or not. As the

rapporteur had mentioned, an increase in enzyme titre can be

caused by several processes. There may be an increase in the con-

centration of the apo-enzyme, or the prosthetic group, or both, or

an increase in the availability of co-factors. There may also be a

decrease in the concentration of an inhibitor. Again, activation

may result from a change in substrate-product equilibria. From

the standpoint of the organism, the important question is whether

the activation derives from the enzyme as a target or from an event

elsewhere, the activation then being indirectly or humorally con-

trolled. In regard to the discussion of his own work on the "activa-

tion" of the tryptophan-auxin enzyme of rodent liver, Gordon

wished to make some comments. The inference that the post-
irradiation increase in titre was an indirect manifestation is based

on three observations. (i) The titre is increased by sham irradiation

or injection of saline solution; (ii) the titre is enhanced by intra-

peritoneal injections of substance and (iii) the titre is high in foetal

liver, drops precipitously at birth and rises slowly with age to

foetal levels, a pattern suggestive of a maternal uterine stimulus

" and subsequent adaptation. Recent experiments show that the
radiation-induced increase in titre in liver does not occur in the

adrenalectomised animal. It therefore appears that the activity of

the enzyme in liver is under humoral regulation and partly, at
least, under control of the adrenals.

When the discussion was extended to the audience, Hutchinson

(Yale Univ., New Haven, Conn., USA) asked Sanner 1) whether he



EFFECTS ON ENZYMES 445

calculated his results using a model involving two radicals of widely
different reactivities or a single radical model. In solution it is reason-

able to assume that there are both highly reactive radicals, such as
OH : and rndicnis of verv low activity whleh will ronrt _1,_,_* ,,,_;,-,1,,

with --SH groups. It is very difficult to fit a two radical model to ex-

perimental data satisfactorily because many different constants will

fit the results. Sanner replied that the calculations were based on an

average radical as used previously by Hutchinson himself and by

Okada. When enzyme inactivation is almost exclusively due to ef-

ficient destruction of certain groups on the surface of the protein,

the radicals responsible must react fairly specifically with the active

groups. In papain, alcohol dehydrogenase and coenzyme A, to

which the theoretical equations were applied, the SH groups are

removed with rather high yields. Since the enzyme inactivation is

due almost exclusively to the destruction of SH groups, it may be

due predominantly to the action of HO.2 radicals which may react

with a certain degree of specificity. On the other hand, the reaction

between the OH. radicals and the proteins may be less specific and

less important. In the above experiments catalase was present to

prevent the action of hydrogen peroxide on the enzymes. In com-

menting on the remarks of Adelstein, Sanner stated that when the

equations were applied to the experimental data, the calculation

of the initial yield of inactivation was based on the whole dose-

inactivation curve and not only on its initial slope.

Mouton (Biol. Inst., Paris, France) agreed with the conclusions

reached by Antonijevic et al. b) that radiation-induced autolysis in

vivo is very similar to the normal post-mortem autolysis and may be the

essential feature of the radiation syndrome. In work on aseptic mus-
cle which he had discussed at Moscow in 1960 he concluded that

post-mortem autolysis is triggered off by anaerobic glycogenolysis

when the blood circulation ceases. A subsequent drop in pH from

6.3 to 5.7 ensues. Therefore, it could be postulated that in vivo

anaerobic glycogenolysis with a subsequent drop in pH takes place

locally as a result of radiation injury. This can be observed and even

controlled. Bate-Smith et al. 2) found that the biochemical changes

which occur on autolysis indicate a possible localized drop in

pH in the tissues. In Mouton's view the use of microbeams of local

high energy radiation along with appropriate histochemical tests,

such as used by Zeman et al.a), would show whether the results ob-
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tained by the Yugoslav workers are due to a mechanism of post-

mortem autolysis. He would call this the "localpH drop theory" of

radiation damage and pointed out that the pH drop results from

the induction of anaerobic glycogenolysis and entails not only the

freeing of endocellular proteases, but also disturbs the delicate bal-

ance of membranes, nuclei and cellular lysosomes.

Furlan r) replied that he had no intention of comparing the mecha-

nism of liberation of cathepsin with what happens in irradiated

and autolysing organs. However, there were two indications from

their experiments which ruled out the possibility that a shift in pH

to lower values is responsibIe for the release of intracellular protein-

ases in irradiated organs. In the first place the optimal conditions

for extraction of the enzyme in vitro involved homogenization of the

tissues followed by an adjustment of the pH to 3.5 and incubation

at 37 ° for 24 hr. Secondly, the frog livers and guinea pig spleen were

perfused with a fluid buffered at pH 7.3 and it was difficult to

visualise a drop in pH under these conditions.

Van Bekkum (Radiobiol. Inst., R_swijk, The Netherlands) asked
Schwarz for further information on the nature of the effects in irradi-

ated liver mitochondria. Were the changes in composition due to direct

damage of the liver cells or to secondary effects on the liver caused

by whole body irradiation? Schwarz said his data would not answer

this question at the present time but the study would be expanded

to include experiments on solubilized mitochondria and these might

provide the relevant information.

Tabachnik (Albert Einstein Med. Centre, Philadelphia, Penn., USA)

had two points for Hamilton. The first was that it must be difficult

to obtain pure nuclear fractions from homogenates of lymphoma

cells which probably consist mainly of nucleus with very little cyto-

plasm. Secondly, if the enzyme being studied is an alkaline RNAase

had the author tested for an RNAase inhibitor by adding p-hydroxy-

mercuribenzoate or another SH binding compound to the assay

mixture? Hamilton agreed that there is only a small amount of cyto-

plasm in the lymphoma cell. The nuclei were prepared by first ho-

mogenizing the cells in the ionic medium described by Creasey and

Stocken 4) and then separating the nuclear fraction by centrifuga-

tion at 1000 × g for 7 min. The remaining cytoplasmic material

was removed by suspending the preparation in 0.25 M sucrose,

followed by layering of the nuclei in 0.34 M sucrose. On the second
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point raised by Tabachnik, the cytoplasm does contain an RNAase

inhibitor which is destroyed by the addition of 3 × 10 -4 M p-chlor-

omercuribenzoate. This leaves an RNAase with a single peak atpH
6.8 to 7.2. However no inhibitor was present in the nuclei of the five

day old tumour.

Philpot (MRC, Harwell, Berks., Great Britain) pointed out that

layering of the nuclei as a pure preparation can only be achieved

after successful removal of the cytoplasm. Was a Waring blendor

used in Hamilton's experiments, and if so, was it known if damage

to the nuclear membranes had been prevented?

Hamilton said that the nuclei were prepared by homogenizing

cells in the Dounce hand homogenizer in which the cytoplasm can

be removed without damaging the nuclei. At each stage the prepara-

tion was examined under the light microscope and finally electron

micrographs were made of the nuclei.

Okada (Div. Exptl. Radiol., Univ. Rochester, NY, USA) commented

on Hamilton's conclusion that the changes in RNAase in spleen and

thymus are due to an abscopal effect. He did not think it was justifi-

able to compare changes in enzyme activity in spleen and thymus,

which consist of populations of mixed cells, with a homogeneous

population oflymphoma cells. Hamilton agreed with these observa-
tions.

Okada also wished to know what explanation could be put for-

ward to explain the decreased level of nuclear RNAase and the in-

crease of low molecular weight RNA in the nucleus. Does it mean
that the nuclear RNAase exists in an inactive form and is released

as an active form after irradiation to act upon the nuclear RNA?

In reply, Hamilton cited some of his experiments in which loss of

RNAase from the nuclei after irradiation is accompanied by a trans-
fer of RNA associated with the chromatin fraction to a fraction

which can be extracted with neutral buffer. He added that he is

currently investigating this degradation by studying the specificity

of the nuclear RNAase. If this enzyme has similar properties to liver

alkaline RNAase, it might be expected that the RNA which can be

extracted will be rich in purine bases.

Romani (Dept. Pomol., Univ. CaliJl, USA) contributed some

observations on his experiments on irradiated fruit tissues which can

be treated with doses of 200000 rad. As these are relatively quies-

cent tissues, it is hoped that the initial cytoplasmic effects can be
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picked out. He had found that a loss of particulate nitrogen occurred
in irradiated cherries, which is in accord with the observations

made by Antonijevicb). This loss is not apparent immediately

after irradiation, but is maximal 24 hr later and is slowly reversed

after this period. Measurements were also made on transaminase

activity because these enzymes are involved in protein-carbohydrate

exchange reactions. In keeping with Hamilton's results, no changes

in the distribution of transaminases among the particulate and sol-

uble fractions could be observed which were attributable to radia-

tion effects. A general mild inhibition of transaminase activity was

noted which agrees with the findings of Langendorff et a/.g'h).

Romani also observed that, when aldolase and alcohol dehydrogenase

are irradiated, inactivation of the SH groups and the activity of the

enzymes is not necessarily simultaneous. In the light of this was
Adelstein able to differentiate between active and inactive SH

groups, and secondly had he used an amperometric method to meas-

ure SH groups?

In reply, Adelstein stated that his titrations were done primarily

at acid pH in the presence of 4M urea using p-hydroxymercuri-

benzoate. Repetition of the measurements using the Benisch am-

perometric silver titration method gave essentially the same results.

Adelstein added that he could not say whether or not these SH

groups are active. However there is a correlation between the bind-

ing of reduced DPN and the number of SH groups which have been

oxidized or, at least, are not titratable.

Manoylov (Acad. of Sci., Leningrad, USSR) observed that irra-

diation of haem-containing enzymes results in a splitting of the

porphyrin ring from the protein with accompanying loss of iron

from the haem. The change is such that recombination of the haem

and the protein is not possible.
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1. INTRODUCTION

The papers in this session are concerned with the effects of radiation

on the gastrointestinal tract or on the liver, and I shall consider them

under the tbliowing sub-headings: the acute gastrointestinal syn-
drome : chronic effects on the intestine: and the liver.

2. THE GASTROINTESTINAL SYNDROME

Rats or mice exposed to whole-body irradiation in the range of dose

which kills 50 per cent in 30 days (LD 50/30) die of bone marrow

failure, but after higher doses (1000 r upwards) they die earlier,

usually in 3 to 5 days, as a result of intestinal damage. The clinical

picture associated with intestinal damage is known as the gastro-

intestinal syndrome. The first five papers to be considered are con-

cerned in one way or another with this syndrome.
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Fig. l. The effect of age on the mean survival time (1VIST) of mice after 1000 r

of whole-body X irradiation. (Heuss.)

Heuss b) exposed mice of varying age to a standard dose of 1000 r

of X rays and measured the mean survival time. The survival time

varied with age as shown in Fig. 1. If survival time is taken as a

measure of radiosensitivity, then the mice were most sensitive at

age 1 to 4 months and least sensitive at 12 months. In general trend

this result is the same as had been found by Crosfill, Lindop and

Rotblat 1) using smaller doses, in the LD 50/30 range. The point

of interest is that Heuss's animals died from the gastrointestinal syn-
drome whereas Crosfill's et al. died from bone marrow failure. This
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suggests that the age-dependence of radiosensitivity in mice is some

general property of the animal and not confined to one particular

organ or mode of death.

In the gastrointestinal syndrome the presenting symptom is acute

diarrhoea, and the underlying pathology is an almost complete loss

of the intestinal epithelium. But the precise cause of death is not

known. Several possibilities have been suggested, such as dehydra-

tion, electrolyte loss, bacteraemia, and release of proteolytic en-

zymes, and doubtless more than one may be implicated. Some of

the possible factors have now been investigated in more detail. Mun-

day and Pover a) investigated the loss of sodium from the gastro-
intestinal tract of irradiated rats and concluded that this was not

a major cause of death. They gave intravenous 22Na and found that
the rate of loss of 2ZNa from the intestine was not increased until

just before death. They also found that intraperitoneal NaC1 therapy

prolonged survival by only about one day.

Maisin and Dulcino e) measured the intestinal absorption of fat in

irradiated mice. This was done by feeding isotopically labelled

palmitic acid or glyceryl tripalmitate and determining the amounts

present in the wall and in the contents of the gastrointestinal tract

of animals sacrificed at time intervals after feeding. Three days after

a supralethal dose of radiation (1500 r) fat absorption was found

to be subnormal, but the authors attributed this to gastric reten-

tion rather than intestinal failure. After smaller doses (600, 800 r)

there was no change in fat absorption at any time and it was con-

cluded that malabsorption of fat plays no part in the gastrointes-

tinal syndrome.

As already mentioned, the chief and almost the only symptom in

these animals is diarrhoea. Now Sullivang) has found, very surpris-

ingly, that the diarrhoea can be prevented simply by diverting the

normal bile flow from the intestine. These experiments were done

on rats given 1000 r of X rays to the abdomen; the bile was diverted

by cannulating the bile duct and draining the bile outside the body.

This is a most interesting discovery for it shows in the first place that

the diarrhoea is not solely due to the effect of radiation on the intes-

tine; some factor in normal bile is required for its manifestation. To

discover what this factor was, further experiments were done in

which, after the bile duct cannulation, various solutions were intro-
duced into the intestine via a duodenal cannula. If the drained bile
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was reintroduced, diarrhoea resulted, as would be expected. If an

equal volume of isotonic saline was introduced no diarrhoea occur-
red. But if a solution of bile salts in isotonic saline was introduced

throngh the duodenal cannula, diarrhoea resulted. These experi-
ments show that the diarrhoea is due to the action of normal bile

salts on the irradiated intestinal epithelium. Sullivan noticed that

in the animals with diarrhoea the faecal matter consisted chiefly of

mucus, and it seemed that the primary effect of biliary drainage
was to prevent this discharge of intestinal mucus. He therefore pos-

tulated that bile salts act on the irradiated intestinal epithelium so

as to produce a great secretion of mucin. Histological examination

showed that this is in fact what happens. Fig. 2 is a histological

section of normal intestine stained for mucin (black) and it shows
the normal mucin-containing goblet cells in the epithelium. Fig. 3
is from an irradiated animal with diarrhoea and shows that the

mucin has nearly all disappeared. Fig. 4 is from an irradiated animal

with biliary drainage; it shows most of the mucin retained, and this

presumably is why the animal had no diarrhoea. Apart from the
radiation interest this work may have brought to light a hitherto

unknown function of the bile salts. It looks as if the bile salts may

be a normal physiological stimulus to the discharge of mucin from
the goblet cells and that after irradiation either the goblet cells are
more sensitive or else the concentration of bile salts in the intestine

is higher than usual owing to some failure of reabsorption. If some

substance which has the property of absorbing bile salts could be
fed by mouth this might be a valuable therapeutic measure in treat-

ment of the gastrointestinal syndrome and Sullivan is investigating

this possibility.

Turning now to the stomach, Schauer, Sebek and Jurecic t) have
found some very early changes in the gastric secretion of rats after

exposure to 700 r of whole-body X irradiation. The rats had gastric

fistulae and the volume and composition of the gastric juice were

measured both basally and after ethanol stimulation. The secretion

of pepsin (both concentration and total output) was greatly de-

creased one hour after irradiation (Fig. 5). The secretion then in-
creased well above normal, reaching a peak at 24 hours, and thereafter

it declined and tended to be subnormal for several days. The in-

creased secretion at 24 hours was ascribed to discharge of the stored
pepsinogen and the subnormal secretion afterwards to depression
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Fig. 6. Hydrochloric acid in gastric juice at daily intervals after 700 r whole-body

X irradiation (Schauer, Sebek and Jurecic).

O- O free hydrochloric acid

A--A total acid.

of pepsin synthesis. The secretion of HC1 (Fig. 6) followed a similar

sort of pattern. These changes of course play no part in death from

the gastrointestinal syndrome. The interest is that they are early

functional changes produced by a quite moderate dose of radiation.

3. CHRONIC EFFECTS OF LOCAL IRRADIATION ON THE INTESTINE

The two points of interestin thisfieldof study are the remarkable
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recuperative powers of the intestine after high doses of radiation,
and the induction of tumours.

Sullivan, Marks and Thompson u) fed yttrium-90 to rats for 60

day's and thcn followcd the animals until death. 90y is virtually non-

absorbed, it is a pure fl-emitter, and its effect is therefore more or less

limited to irradiating the walls of the alimentary canal as it passes

through. As shown in Table i two different dose levels were used.

TABLE 1

Effect of intestinal fl radiation from 90y in rats. (Sullivan,Marks andThompson.)

Tumours

Accumulated Survival

90y fl ray dose time Weight

to large (days) loss "-_ _
intestine : _ "_

0 _

0 0 626 0 0 0 3

90 _C/day 12 000 434 no 1 7 0 2
410/_C/day 55000 350 yes 0 12 9 2

The lower dose reduced survival time and produced some tumours

but there was no loss of weight and there were no other symptoms.

The higher dose was more effective in life-shortening and tumour

production and it also caused some loss of weight, but even in these

animals it was found that the histological damage to the intestine

had been completely repaired by the time of death. The fact that

no residual histological damage could be detected is rather remark-
able in view of the total accumulated dose of 55000 rad. This was

the calculated dose to the large intestine; it was estimated that the

dose to the small intestine would be about one quarter of this figure.

The tumours induced were mainly in the mouth (squamous cell

carcinoma) and the uterus (adenocarcinoma) ; only one intestinal

tumour was found. In these small animals the uterine epithelium

is not very far distant from the intestinal lumen; it is within range

of the fl rays from intestinal yttrium and the uterine tumours were

explained in this way.

Carcinomata of the small intestine are very rare in normal rats

and most workers, including those just cited, have failed to induce

any significant number by radiation. Osborne, Prasad and Zimmer-
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mane),however,haveapparentlybeenable to producea large
numberof suchtumoursby givinghigherdosesof radiation.They
X irradiatedthewholeexteriorizedsmallintestineof ratsandfound
thatthethresholddosefortumourproductionwas1400r, andwith
thisdoseabout50percentofthesurvivorsdevelopedanintestinalcar-
cinomawhicheventuallykilledtheanimalby intestinalobstruction.
The histologicalappearanceof thesetumoursis shownin Figs.7
and8. It is importantto besurethat thesereallyweremalignant
tumoursandnotjustsomenon-malignanthyperplasiaofepithelium
trappedin theregeneratingandfibroticmucosa.The evidenceon
thispointisfairlyconvincing,butnotaltogetherconclusive.Byclamp-
ing themesentericbloodvesselsduring the periodof irradiation,
sothat thegutwasanoxic,it waspossibletogiveevenhigherdoses
(1800and 2000r) without killing the animal,andafter thispro-
cedure60 to 70percentof thesurvivorsdevelopedintestinaltum-
ours.Irradiationof a 7.5cm lengthof intestinewith 3000r, or a
2.5cmlengthwith5000r producedwhatappearedtothenakedeye
to be tumours,and thesekilled the animalsby intestinalobstruc-
tion.But histologicallythese"tumours"provedto beonlyanover-
growthof fibrousscartissue.

4. HISTOCHEMICAL CHANGES IN THE LIVER

The liverhas usually been regarded as a very radioresistantorgan

because morphological changes can be produced only by doses of

10000 r or more. But there isaccumulating evidence of enzymatic

and other biochemical disturbances after much more moderate

doses and itisbecoming clear that the liverisa good deal more

sensitivethan was formerly supposed.

David, Tanka and Fiam a) and Tanka, Fiam and David i) have

found certainchanges in the liversof ratstwo days afterexposure

to 800 r of X rays,which was about the LD 50/30 dose. The first

change concerns the liverglycogen. After irradiationthere was no

change in the amount of glycogen which could be chemically ex-

tracted,nor was there any change in the amount demonstrated his-

tochemically (by periodic acid Schiff staining) after ethanol fixa-
tion; but the amount demonstrable after formol fixation was con-

siderably reduced. The interpretation was that radiation had parti-

ally depolymerized the glycogen, making it more water-soluble and

therefore less well preserved by formol fixation. This was confirmed
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Fig. 2. Normal rat small intestine, 
stained for mucin. (Sullivan.) 

. ” Fig. 3. Small intestine 4 days after 
1000 r abdominal S irradiation, 

stained for mucin. (Sullivan.) 

Fig. 4. Small intestine ofbile-drain- 
ed rat 4 days after 1000 r abdo- 
minal X irradiation, stained for 

for mucin. (Sullivan.) 
‘- 
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Fig. 7. Adenocarcinoma of the small intestine in a rat following irradiation of the 
exteriorized intestine with 1400 r of X rays, x 15. (Osborne, Prasad and 

Zimmerman.) 

Fig. 8. A similar tumour to Fig. 7, x 
(Osborne, Prasad and Zimmerman.) 

170, to show malignant epithelium. 



OBSERVATIONSONMAMMALS 457

by ultracentrifuge and viscometric studies on the extracted gly-

cogen, which showed that the glycogen from the irradiated animals

was less polymerized than that from the controls.

Next they found changes in the amounts, or at any rate in the

activities, of certain enzymes in the liver. No quantitative study was

made; the changes demonstrated were in the intensity of the specific

histochemical staining reactions for the enzymes in question, using

the usual azo-dye coupling methods. In the liver parenchymal cells,

acid phosphatase, non-specific esterase and succinic dehydrogenase

activities were all considerably reduced, while in the Kupfer cells

and mast cells alkaline phosphatase was increased. These changes

were well-marked 2 days after irradiation and complete recovery

took place within 10 days.

Finally they report that the concentration of free tyrosine in the

blood serum rose from the normal level of 10 /,g/ml to about 20

/,g/ml during the first 2 days and remained at this level for at least

10 days. From their experience with human patients suffering from

various liver diseases, these authors contend that an elevated serum

tyrosine level is a valid index of liver dysfunction, but the point

remains to be proved.
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DISCUSSION

D. R. LUCAS

Medical Research Council, Radiobiological Research Unit,

Harwell, Didcot, Berkshire, Great Britain

Heuss b) thought that, though the similar age-dependency of lethal-

ity in the LD 50 range and survival-time at higher dose levels was

intriguing considering the different lethal processes involved, the

great difference in age-dependency between the mouse and the rat

was much more exciting and urgently required substantiation. Ob-

servations on other species would also be of great interest, especially

if they could be related to physiological differences, e.g. at the hor-

monal level, between the species.

In connection with his work, he wished to remind the audience
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that Smith and Alderman (see report by Fowler, page 319) had

reported that induction of the gastrointestinal syndrome in mice

was also age-dependent.

Munday a) did not think that the total quantity of sodium lost

was a major factor in gastrointestinal death. She and Pover had

found that rats on a sodium-free diet could withstand a total loss

of sodium through biliary secretion in excess of 8 milli-equivalents

per kilogram of body weight. However, if loss of sodium and water

occurred rapidly, shock was likely to ensue. She could confirm

Sullivan'sg) finding that diarrhoea did not occur if bile was prevent-

ed from reaching the intestine.

In reply to a question from the chair, Sullivan said that rats did

appear to survive better at higher dose-levels when bile was diverted

from the intestine, but he had not attempted to measure survival

accurately because of technical difficulties.

Dykes (Dept. of Exp. Path., University of Birmingham, Birmingham

15, Gr. Britain) wondered whether Sullivan's findings were ex-

plained by an increase in the quantity of bile salts excreted in the

stools or by a change in the sensitivity of the mucin-secreting cells

to the salts. Sullivan replied that preliminary data obtained with

14C-cholic acid suggested that absorption of this acid might be de-

creased by irradiation. On the other hand, if bile was introduced

lower down the intestine, diarrhoea was induced in the irradiated ani-

mal, but not in the normal. This suggested that the sensitivity of the

intestinal epithelium to the action of bile was increased by irradiation.

Vatistas (Meal. Res. Council, Hammersmith Hosp., London W12, Gr.

Britain) asked if Sullivan could exclude the possibility that changes

in the nature and distribution of the microbial flora of the gut af-

fected its content of bile. Furthermore, since the amount and com-

position of bile secreted might have been altered as a result of irra-

diating the liver, he wondered if any experiments had been carried
out with the liver shielded.

In reply to the first part of the question, Sullivan stated that ster-

ilizing the gut with antibiotics did not prevent the diarrhoea, but

changes in the distribution of the intestinal flora might nevertheless

be important. Thus, desoxycholic, which was not normally formed

above the large intestine, was much more effective than cholic acid

in inducing diarrhoea.

As to the second question, in all of his experiments four-fifths
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of the liver was shielded. Moreover, Jackson and Entenman 1) had
shown that irradiation of the liver did not affect the volume or

electrolyte composition of bile.

Vogel (Nat. Lab., ANonne, Ill., USA) said that the intestinal syn-

drome following X irradiation which had been described closely

resembled that seen in rats and mice exposed to fast neutrons (200
to 350 rad). The early death (4 to 10 days after irradiation) of such

animals could be prevented by daily injections of streptomycin.

Furthermore, Wilson and Piacksek 2) had shown that intestinal deaths

at 3 to 4 days did not occur in "germ-free" mice after X irradia-

tion (ca. 1000 rad). He thought both these approaches might help
the present investigators.

With regard to tumours of hollow viscera, Unnewehr (Max

Planck Institut fiir Biophysik, Frankfurt am Main, Germany) warned that

cysts and abscesses could easily be mistaken for tumours unless very
careful histological studies were made. In some recent work, he had

found that some 8% of the "tumours" could be accounted for in

this way.

Osborne e) replied that he fully agreed and thought the rappor-

teur had put his present position very clearly. They had tried to
.discover how epithelium became embedded in connective tissue.

They considered that malignancy was indicated by piling up of the

epithelial cells, increase in their nuclear-cytoplasmic ratio, loss of
cell polarity, increased basophilic staining and the presence of mito-

tic figures.

While he did not wish to appear reluctant to defend his present

position, he was quite prepared to admit that he might eventually

have to accept that the epithelial inclusions were not carcinoma-
tous. However, he felt that he must tentatively consider as carcino-

matous those cases in which there were metastases in the mesentery,

spleen and diaphragm and those in which the whole ileum and jeju-
num had received 2000 r or more. The incidence of tumours in the

latter animals was over 50%.

Cole (Naval Rad. Defense Lab., San Francisco, Cal., USA) said that

he and Nowell had published observations on mice3). They had

found a relatively large number of true mucus-secreting adenocar-

cinomata of the intestine after a whole-body dose of 1100 r of X
rays or 400 rad of fast neutrons, i.e. doses of the same order as those

used by Osborne.
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In reply to a question from Mendelsohn (Dept. of Radiology, Hos-

pital of the Univ. of Pennsylvania, Philadelphia 4, Penn., USA) Tanka i)

said that they had irradiated the whole body. The histochemical

changes observed in the liver might therefore be either a direct or

an abscopal effect of irradiation.

Replying to Kuzin (Academy of Sciences, Moscow, USSR), Tanka

said that they had not established whether the changes in enzyme

activity in the liver could be demonstrated as soon as one or two

hours after irradiation. Their observations had been made I, 2, 3,

7 and 10 days after irradiation.

In reply to Loutit (MRC, Radiobiologieal Research Unit, Harwell,

Berks., Gr. Britain), Thompson h) said that the causes of early death,

in the absence of tumours, in animals given the lower dose of 90y
had not been established.
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1. INTRODUCTION

The papers to be reported can be divided into two groups.
(1) Those that are concerned with the kinetics of calcium, stron-

tium and radium metabolism.

(2) Those that are concerned with the observed effects of different
isotopes on bone.

2. THE BEHAVIOUR OF CALCIUM, STRONTIUM AND RADIUM IN THE BODY

The alkaline earths are found in the same sites in mineralized tissue,
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i.e. wherever the tissues are calcified. It is usually assumed that they

are all associated with the apatite crystal and that their binding in

bone might be described as at least secondary to that of calcium.

Though their site of deposition is the same it is probable that the

tissues do not handle the alkaline earths alike. There is evidence

that calcium is more readily absorbed from the gut than strontium

and that more strontium than calcium is excreted in the urine,

probably due to differences in tubular reabsorption. Further, there

is increasing evidence that discrimination may also occur in the

exchange between blood and bone and bone and blood1,2). Quite

apart from the general physiological interest of this problem of the

movement of calcium, strontium and radium in the skeleton it is

important from the point of view of evaluating the effect of 9°Sr

from fall-out ingestion. Three papers presented in this session are

concerned with this problem. Of equal importance, of course, is the

metabolic pattern of the transuranic elements but here our ignorance

is almost complete.

Cohn, Lippincott, Gusmano and Robertson e) have studied the

behaviour of 47Ca and ssSr over a 30 day period in six ambulatory

patients with different clinical conditions (myeloma and osteo-

arthritis) reflecting various degrees of skeletal involvement. Meas-

urements of whole-body retention were made with a whole-body

gamma spectrometer. Simultaneous measurements of the tracers in

the excreta and in samples of plasma give data necessary for the
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Fig. 1. Whole-body retention of 85Sr and 47Ca determined by excretion analysis

and by whole-body counting. (Cohn, Lippincott, Gusmano and Robertson.)
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determination of the skeletal accretion rate and exchange capacity

using a four compartment model of the kinetic metabolic system,

developed on an analogue computer, making the following assump-

tions, (i) that the 47Ca/Ca ratio of the exchangeable bone fraction

and of the plasma come rapidly into equilibrium, (ii) that the 4vCa

and the stable calcium are deposited in slowly exchanging bone in

the same proportions that they simultaneously occur in plasma.

These assumptions are, of course, open to question. The results of

their calculations suggest to the authors that although strontium

retention drops more rapidly than calcium during the first ten days,

(Fig. 1) reflecting the preferential renal excretion of strontium, both
elements are shown to be accreted into bone with the same time

constant. The authors conclude from this that the initial exchange

process and surface binding by the bone is similar for the two ele-

ments. However, after 10 days different rate constants are necessary
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Fig. 2. Retention ratio of 85Sr/aVCa determined by whole-body counting. (Cohn,

Lippincott, Gusmano, and Robertson.)

to express the observed retention values (Fig. 2). These rate con-

stants for loss of activity may reflect the different modes of binding

of the two elements in the crystal lattice. Strontium, they consider,

is released more slowly from bone than calcium at a time interval

greater than ten days after administration. Identical values for cal-

cium and strontium tracers over long periods of time should not
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therefore be postulated on the metabolic similarities observed in the

short period after administration.

Louti0) and his colleagues have also recently studied the relative

metabolism of calcium and strontium following both the injection

of 85Sr into normal men and also the feeding of grain and milk

into which 8_Sr has been incorporateda-5). The results of these stu-

dies together with the detailed figures for 9°Sr/Sr in the bones of the

population in different age groups undertaken for the Medical Re-

search Council monitoring programmes are discussed by Loutit for

the present conference. Loutit emphasises that knowledge of the rate

of turnover of bone salt and replacement of pre-existing strontium

by stable strontium (and 9°Sr) from the diet is essential if the fall-

out risk is to be evaluated. He goes on to show that turnover of bone

mineral may be ten times or more greater than are replacement

values. In balance experiments in normal subjects he found a mean

retention of 6 per cent of ingested 85Sr in the fourth week of a diet

labelled with 85Sr. At this period, though the level of plasma 85Sr

was constant there was still disequilibrium between various com-

partments -- the specific activity of diet was far higher than that of

plasma. He concludes, therefore, firstly that plasma strontium must

be supplied from at least two sources, the diet and resorbing un-

labelled bone: secondly that whereas more than half the absorbed

dietary strontium is excreted daily, a much smaller fraction of

"osteogenous" strontium is excreted since the specific activity of urine

was found to be much higher than that of plasma.* From an analysis

of data on 9°Sr/Sr in human bone over several years the figures for

replacement appear somewhat lower than in the one month ex-

perimental period. He concludes therefore that strontium built into

bone (as distinct from that on bone surfaces) is more tenaciously

held and recycled than strontium entering the plasma from diet. The

annual rate of replacement in the adult is thus only a few per cent

per year when calculated from long term ingestion of 9°Sr, some-

what more according to short term experiments involving ingestion
of 85Sr and much less than the total turnover of bone mineral.

Both these papers then, though dealing with rather different as-

*) A correction of this finding has since been published. The specific activity of

strontium in urine compared with plasma is much closer to unity. (T. E. F.

Carr, G. E. Harrison, J. F. Loutit, and A. Sutton, B. M. J. ii (1962) 855).
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pects of metabolism emphasize that the short term picture of stron-

tium turnover may differ from the long term.

Our knowledge of the metabolism of radium in man has come

from studies of either dial painters who ingested radium over fairly

long periods as a result of licking their brushes or from patients who

received injections of radium over short periods. Data on late excre-

tion patterns and total retention only have been available, and

though analysis of such data made by the Argonne and Boston

groups has greatly aided our understanding of the late effects of

radium poisoning, data covering the early period are urgently needed.

Finkel and Miller t) have set out to correlate the retention observed

using single intravenous injections of radium in mice with that ob-

served on continuous feeding experiments. They have shown that

the long term retention after finite periods of injection of radium

(and by analogy that of strontium) can be regarded as essentially

equivalent to multiple daily injections. For this purpose the reten-

tion after a single intravenous injection can be regarded as a power-

function and integration of this function over a stated period of

time can be used to predict the retention after continuous feeding.

The integrated curves after cessation of radium injection indicate

that the radium content of the body falls much more slowly when

a long time is required for the accumulation of the burden than

when a comparable burden is acquired in a few days (Fig. 3), a
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fact that agrees to some extent with Loutit's observations of stron-
tium turnover.

In connection with human radium metabolism the work of Rad-

ford, Hunt and Sherry n) may be mentioned. They have analysed

human teeth and bone samples from different geological areas and
consider that individual variations are not related to the soil but

are probably dependent on food intake.

3. THE OBSERVED EFFECTS OF BONE-SEEKING ISOTOPES ON THE SKELETON

Under this heading come a large group of papers giving factual

information about the effects of different isotopes upon the skeleton,

particularly of mice and dogs. These effects differ in detail depend-

ing upon the character of the radiation, the site of deposition of

the isotope, the age of the animal, the level of the administered dose

and its method of administration whether single, divided or contin-

uous. It is of course also important to have a measure of the dose-

rate and accumulated dose at the point of damage. As a background

to this section the summary of the present experience in the Utah

experiment 6) when five radionuclides were administered to beagle

dogs, may be taken from the paper of Doughertya). Retention

of the injected radionuclide and its daughters was measured directly

by whole-body counting and analysis of tissue samples at sacrifice,
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and measured as the difference between injected activity and

excretion. Knowing the disintegration energy, the instantaneous

dose-rate (at t days after injection) was calculated taking the skele-

ton as 1/113 of the iniection weight, the mean close-rate only helnot
J • ...... g ......

given. The results for one injection level for the isotopes used are

shown in Fig. 4. Initially the dose-rate from radiothorium is highest

but after a few years it becomes the lowest due to its 1.9 year half

life. In the mesothorium animals the dose-rate increases rapidly

during the first few years due to the build up of its alpha emitting

daughters and then decreases. By integrating the instantaneous dose-

rate equations the cumulative dose has been computed as at the

time of death. This value divided by time of death gives the average

dose-rate to the skeleton throughout the entire exposure time.

Essentially all the tumours that developed can be attributed to

radiation. Different radionuclides proved, as might be expected,

both from previous work and on theoretical grounds, unequal in

their effectiveness. In Table 1 are shown preliminary values for

effectiveness using radium as a base line. A common time for cancer

formation from the radionuclides considered was fixed and their

dose-rates compared. Plutonium and radiothorium are far the most

effective. Dougherty adds by way of caution that these relative

effectiveness values may change at lower dose levels at which can-

cers have not yet appeared. In general mesothorium and radiothorium

produce osteosarcomas at an earlier time than any other isotope.

Plutonium, on the other hand, has been a more effective tumour

producer over a wider range of dose level. 90Sr has only produced

tumours at the highest level so far.

TABLE 1

Effectiveness relative to radium in producing osteosarcomas

Nuclide Days to Nuclide Radium Eft. rel.

compared death rad/day rad/day to radium

239pu 1500 0.7 3.7 5

22SRa (MeTh) 1140 3.7 10.0 3

22STh (RdTh) 1140 0.7 10.0 14

9°Sr 1140 8.5 10.0 1

These preliminary values will be revised as dosimetry is refined.

Relative effectiveness is expected to vary vdith-tjk'ne.
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The probable explanation of the great toxicity of plutonium and

radiothorium compared for instance with radium, also an alpha

emitter, is the fact that the two former isotopes are concentrated on

certain bone surfaces close to the sensitive osteogenic connective

tissue while radium is distributed throughout mineralized bone, in

hot spots it is true, but often away from the sensitive osteogenic

tissueT). Support is given to this view by the careful study by Jee

and Stover i) of the long term effects of 239pu in adult beagles of the

Utah colony. They find that 95 per cent of the tumours arise from

spongy bone (Fig. 5). The authors make some attempt to calculate
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Fig. 5. Anatomical distribution o£ osteogenic sarcomas with various injection

dose levels of 239pu. (Jee and Stover.)

the radiation dose received as an average skeletal dose in macro-

scopic regions of bone based on terminal values of 239Pu per g wet
bone. The dose to the shaft of the humerus on this basis in much less

than that to the spongiosa. In one dog it was 2.2 Krad in tl_e shaft

compared with a maximum of 15.6 K Tad in the spongiosa (Table 2).

In view of this uneven distribution of dose it is not surprising
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TABLE 2

Variation in average skeletal dose a in selected bone samples.

471

Dog number M8P5 F9P5 F7P5 F5P5

Irradiation period (days) 1192 1145 1491 2059

Humerus 7.8 9.6 9.6 14.6

Proximal epiphysis !2.! 17.1 13.8 18.9

Proximal epiphyseal line 15.6 20.6 19.1 24.8

Proximal diaphysis 2.7 3.9 4.0 6.9

Mid diaphysis 2.2 2.6 3.3 4.6

Lumbar vertebra (3rd) 9.4 11.7 12.9 18.1

Body and transverse process 11.2 14.8 15.1 21.1

Skeleton b 4.8 4.8 6.6 8.7

a) Dose unit in Krad.

b) Calculated using fractional skeletal retention = 0.72t -0.o40 (ref.8)).

that tumours in the shaft are restricted to the higher dose levels.

An elegant study of the size distribution of marrow spaces in

trabecular bone and the implications for bone dosimetry by Jacobs
and Spiers h) should in future facilitate precise dosage measurements

in spongy bone. Their calculations of dose are for X rays but it

should be possible to use their measurements of marrow spaces to

calculate doses from alpha and beta particles knowing the isotope
distribution and trabecular size. The sort of information obtained
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Fig. 6. Variation of mean rad/r factors with photon energy for iliac crest,

rib, femur and lumbar vertebra. (Jacobs and Spiers.)
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from their data is shown in Fig. 6 where the mean dose to trabecular

marrow in bones of a 33 year old man are shown by averaging over

the appropriate size distribution of the marrow spaces. The mean

rad/r factors so obtained are shown together with the factors for

soft tissue. The results for the femur do not differ significantly from

those for the vertebrae.

The radiological changes in the 8 years of the Utah experiment

have been closely followed by Christensen and Smithb). The changes

seen are similar to those described in human cases of radium poi-

soning (Table 3). The earliest and most severe changes have occur-

TABLE 3

Radiographic lesions seen in beagle dogs receiving 226Ra, 239pu, MsTh and RdTh

1. Structural changes in the mandible

2. Destructive changes in the teeth

3. Pathological fractures - with and without healing

4. Distortion of cortex of long bones

5. Disturbance of metaphyseal trabeculation

6. Osteolytic rarefaction

7. Rib end demarcation

8. Aseptic necrosis

9. Tumor formation

red in the highest dose level animals, though there is variation with-

in a group. The first abnormality tends to occur in the mandible.

Radiothorium and mesothorium appear to produce pathological

changes more rapidly than plutonium and radium which, if the

dose-rate curve shown by Dougherty is remembered, is not sur-

prising but there is no distinctive pattern of radiation damage pe-

culiar to any radionuclide. The relative rate of fracture injury is

high and recovery poor with mesothorium. Pathological fractures

and tumours may occur in osseous structures where gross radio-

logical appearance is normal.

A similar serial study has been made on rat bones in animals

receiving 239pu, Z41Am and 32p by Fabrikant and Smithe). No at-

tempt is made to estimate radiation dose received by the skeleton

or even body burden at death so it is difficult to compare the results

in the two animal species. Fabrikant et al. claim to be able to distin-

guish between the lesions due to 82p and those due to the alpha

emitters. Generalized osteoporosis and sclerosis they consider is
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only produced by alpha radiation and not by 3_p though sclerotic

bands occur following the latter. Alpha radiation tends to produce

sclerosing tumours while beta radiation gives rise to osteolytic

lesions almost entirely.

The gross radiological changes seen in these experimental animals

with relatively high body burdens are in contrast to those found by

Hasterlik, Finkel and Millerg) in a radiological study of 236 persons

largely employed in the watch dial industry before 1925. Minimal

radiographic lesions were seen with some degree of confidence when

the radium level exceeded 0.01 /_C. The frequency and severity of

lesions progressed in the range of 0.1 to 1.0/_C and moderate, ad-

vanced and even malignant lesions were then observed. Above

1.0/_C advanced lesions were seen in the majority of patients (28/40)

and malignant lesions in 14 out of the 40 (Table 4). Of course, as

already mentioned in discussing Finkel and Miller's experimental

work on rats fed or injected with 2_nRa, these terminal burdens may

be related to very different initial burdens and therefore different
accumulated and maximum dose-rates.

There is already in the literature a considerable body of work de-

scribing the histological picture that results from the ingestion of dif-

TABLE 4

Long term effects of radium deposition in man

(Correlation of clinical and radiographic findings with current body burdens of

226Ra)

Radiographic changes in skeleton attributable to

Body content Number radium deposition

(/_C) radio- None Mini- Mild Moder- Ad- (Malign-

graphed real ate vanced ant)

0.001 17 14 3 0 0 0
0.001-0.01 28 28 0 0 0 0

0.01-0.1 90 80 8 1 1 0

0.1-1.0 61 25 13 9 9* 5*** (3)
1.0 40 1 2 5 4 28** (14)

Total 236 148 26 15 14 33 (17)

* MsTh present in two cases.

** Based on film taken elsewhere in two cases.

*** Severe tooth changes only in one case.
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ferent bone-seeking isotopes. An attempt is made here to pick out

the observations that give us new knowledge in this field rather than

to attempt to summarize the detailed studies that have been present-

ed and which have indeed already been published in some cases.

The difference in the histological picture in growing and mature dog

bone after single or multiple injections of 9°Sr described by Biskis

and Finkel a) are probably dependent on variations in radiation dose

received due to variation in the biological activity of the tissues.

There were no instances where tumours originate directly from

heavily damaged bone but in many instances they arise from fi-

brous tissue replacing the resorbed damaged bone. On the other hand

Jee and Stover i) emphasise that on reviewing their material in dogs

given plutonium they wish to retract their previous statement that

bone tumours arise from areas of dense peritrabecular fibrosis.

In a detailed study of 530 mice following 9°Sr injection Nilsson 1)

comments, as others have done, on the fact that the majority of

tumours arise on the endosteal surface of the bone and are often

multiple. He obtained no evidence that the osteosarcomas were, even

indirectly, virus-induced. Metastases to soft tissues were rare from

the original tumours but after tumours were transplanted metastases

were common from osteosarcoma, but not from fibrosarcoma. The

metastases readily took up 9°Sr injected immediately before death.

The histological damage to bone reported following all forms of

radiation is associated with changes in mineral content, water con-

tent and enzyme content. Some of these changes have already been

demonstrated in the case of rabbits given 9°SrS.9) and in papers

presented for this session they are recorded in the case of dogs after

plutonium injection by Stover and Jeeq), and by Woodards), fol-

lowing X rays in mice. Woodard concludes that the catabolic pro-

cesses are injured more severely by radiation than the anabolic

processes but that effects can be modified by the thyroid hormone.

Polyakov, Pavlova and Torbenko m) make the interesting observa-

tion that the size of the apatite crystal is affected and that the activ-

ity of amylase is also affected as well as alkaline phosphatase.

Aldolase and phosphorylase show no change. Neumark k) reports

decrease of the birefringence of collagen fibres and increase ofmeta-

chromasia in the epiphyseal cartilage of young rats 24 hours after

a single exposure to 2000 r from a 150 KV source.

Finally have we any hopeful information about the possible remo-
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val of bone-seeking isotopes? Outstanding here is the use of DTPA

(diethylenetriamine-pentacetic acid) in plutonium poisoning.

Rosenthal, Fried, Schubert and Lindenbaumo) present us with an

encouraging report of experimental work that shows that DTPA

therapy, even if delayed until the radioelement has been deposited,

significantly increases life expectancy and reduces the incidence of

malignant bone tumours, while, as might be expected, the bene-

ficial effect increases with the amount of plutonium removed (Figs.

7 and 8).

In the case of 9°Sr van Putten r) describes experiments on mice

put on a low phosphorus diet 48 hours after injection. The survival

time was increased and the tumour frequency reduced. Though the

results are theoretically interesting the author himself doubts how

far they are ofpractlcal application. In the case of local X irradia-

tion, Rubin, Casarett and Youngp) have evidence that in young

rats if cysteamine is injected prior to irradiation, a significant degree

of protection, approximately 50% is afforded (Fig. 9). This may

well be of clinical importance.
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Fig. 7. Effect of DTPA therapy on bone tumour incidence and skeletal content

of plutonium. Tumour incidence data are based on mice dying from 250 to 515

days after plutonium. This includes 99 in the control group, 38 and 75 in the groups

treated 2 and 12 days respectively. (Rosenthal, Fried, Lindenbaum and Schubert.)
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4. CONCLUSION

In summary it may be said that we now have much information

about tumour production in animals from different bone-seeking
isotopes. What we need to know is the relation of measured radia-

tion dose to damage. Perhaps even more important is to recognize

our ignorance of the physiological factors that control calcification

and the regulation of calcium in the body, let alone factors control-

ling deposition of strontium, radium and the transuranic elements.
We still lack elementary knowledge of bone physiology which we

need to understand certain aspects of radiobiology as far as it
affects the skeleton.

REFERENCES

1) F. W. Lengemann, Proc. Soc. Exptl. Biol. Med. 94 (1957) 64

2) F. W. Lengemann, J. Biol. Chem. 235 (1960) 1859

3) M, Bishop, G. E. Harrison, W. H. Raymond, A. Sutton and J. Rundo,

Int. J. Rad. Biol. 2 (1960) 125

4) F. J. Bryant and J. F. Loutit, AERE (Harwell) Report AERE, R/3718

(HMSO, London, 1961)

5) T. E. F. Carr, G. E. Harrison, J. F. Loutit and A. Sutton, Nature 194 (1962)
2OO



INGESTED ISOTOPES 477

6) T. F. Dougherty. In: "Some Aspects of Internal Irradiation". (Pergamon
Press, Oxford, 1962) p. 3-7 (in the press)

7) G. M. Herring, J. Vaughan and M. Williamson, Health Physics, 8 (1962)
(in the press)

_")J. o .................. j., .........o,l_uu,-_ _L_,_ ,_,u vau_nan, DHt. J. exp. Fath. 37 (1956) 553
9) S. Macpherson, Int. J. Rad. biol. 3 (1961) 515

DISCUSSION

E. W. EMERY

Manchester University Clinical Sciences Building, York Place, Manchester 13, Great Britain

Nilsson_) commenced by presenting some additional material show-

ing that at an early stage an osteosarcoma bud can be transplanted.

One such transplant from the diaphysis of the lemur to the neck

of another CBA mouse had grown in five months to the size of a

hazel nut, and was accompanied by numerous metastases to soft

tissue and one to a cervical vertebra. He had not made any calcula-

tion of the radiation dose delivered in his experiments. Having used

only male mice he had seen no evidence of a sex difference. Langen-

dorff (Radiol. Inst. Univ., Freiburg, Germany) had found a greater up-

take of strontium in castrated males than in castrated female mice;

but Arghittu ( CAMAN, S. Piero a Grado, Pisa, Italy) had never found

any appreciable sex difference in strontium uptake and distribution

in the numerous rats he had examined, and Mays (Univ. Utah, Salt

Lake Ci_, USA) had found no difference in retention between 30

male and 30 female dogs. Langendorff, in his own 90Sr experiments,

had found lung tumours in about 1% of cases, but they had not

yet been examined histologically. Unnewehr (Max Planck Inst. Bio-

physik, Frankfurt am Main, Germany), on the other hand, found that

bone tumours quite frequently produced metastases to the lungs,

and that these metastases showed bony structures. Nilsson had never

observed primary 90Sr-induced tumours in the lung, but 8 to 9

months after injection of 90Sr there were osteogenic osteosarcomas

in lungs, liver, adrenals and other organs. Fibroblastic osteosarcomas,

on the other hand, had never given metastases. This difference may

be due to the more rapid growth of the fibroblastic tumour, which,

in 3 to 4 weeks reaches the size attained by the osteogenic tumour

in as many months. Metastases to skeleton were never seen without

many metastases to soft tissue.
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Neumark k) emphasised that in his experiments the polarizing

microscope revealed changes very soon after a single large dose of X

rays. These were changes in the fine structure of the long polymers

in the epiphyseal cartilage of rats.

In reply to Stoveri.q), Louti0) reported that the ratio of specific

activity of strontium in urine to that in plasma ranged from 1.7 to

4. * This range covered several modes of administration : a single in-

jection or intravenous injection, an intravenous drip, or daily inges-

tions for a month. Cohn e) suggested that these observations must

mean that strontium was presented to the kidney in two forms, dif-

fering in chemical composition or mode of binding. Loutit agreed

that this was indeed his own view. It was possible to derive renal

clearances for the two forms, and that for the dietary strontium was

greater than that for the low specific activity material of, presumably,

skeletal origin; he had no more direct evidence, however, ofphysico-

chemical difference between the two types, and their existence was

as yet hypothetical.

Woodard s) recalled that in her work external irradiation had in-

fluenced both the anabolic and catabolic processes in bone, and

she had since been able to manipulate conditions so that either an

increase of bone density, no change, or a decrease would result,

depending on the balance of these factors. She therefore suggested that

where changes of density were produced by ingested radioactive

materials the local isotope burden would determine whether the

injury was manifested by an increase or a decrease of density. Has-

terlikg) pointed out, however, that the lesions which appear radio-

graphically as sclerotic lesions in the radium-bearing human are

in fact calcium precipitates in bone which, from the lack of osteo-

cytes in the lacunae among other evidence, can be seen to be dead.

The situation described by Woodard in X irradiated mice could not

apply in his 0_ irradiated human bone. He also observed that in

human patients bearing radium, where the ef[ect is mainly due to

particles, the tumours seen are almost exclusively osteolytic.

This is in contrast to the situation reported by Fabrikant e) in

the mouse.

*) A correction of this finding has since been published. The specific activity of

strontium in urine compared with plasma is much closer to unity. (T. E. F.

Carr, G. E. Harrison, J. F. Loutit, and A. Sutton, B. M.J. ii, (1962) 855.)
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Lloyd (Churchill Hospital, Oxford, Great Britain) enquired whether

Cohn had experimental evidence to support his assumption that the

specific activity of 47Ca in the exchangeable fraction of bone comes
ranidlv into eouilibrium with that in n|5t_rrl_ |n Oll51ntlt._-_ ...... t-n

radiographic studies on rabbit bones, compared with specific activity

measurements on plasma, she had seen evidence of a rapid uptake

of 4aCa, but none of the corresponding release that would be re-

quired to establish equilibrium. Cohn replied that this was only an

assumption, but that, when applied to the four-compartment model

he had used, it led to reasonable results.

Commenting on the existence of two phases in the loss of strontium

from bone, one with a half period of days the other with a half period

of months, Mfiller (Strahlenbiol. Inst. Univ., Munich, Germany) reported
that in subjects saturated with stable strontium he had observed

only the slow phase. He presumed that strontium was fixed in two

different forms. Loutit replied that saturation with strontium had

not changed the urinary excretion pattern from that observed with

tracer quantities. However, Mfiller's observations were made direct-

ly on bone and not on urine. Mays asked for information on whether
alkaline earth atoms other than calcium were situated within the

hydroxyapatite crystals or only on the surface. This would have

profound influence on the feasibility of removing isotopes fixed in

the skeleton. He also warned against the trap of supposing that

specific biological processes are associated with each of the rate

constants of a retention equation that could be resolved into a series

of exponentials. A two term equation had just been mentioned, but

to fit the results on the Utah beagles after 6 years no less than five

exponentials were required and he had no doubt that ultimately

many more would be necessary. The equation represents the data

but not the biological processes.

Replying to Sundaram (Atomic Energy Establishment, Bombay, India),

Rosenthal °) stated that DTPA (diethylenetriamine pentacetic

acid) is about as effective in removing plutionum even when given

40 days after administration as it is after 3 days. However, she had

not studied the effect on tumour incidence when DTPA was given

later than 3 days after administration of plutonium.

Dunjik (Inst. Cancer, Louvain, Belgium) enquired whether in Ru-

bin'sp) work there had been complications due to the toxicity of

cysteamine, and whether there was not also risk of protecting the
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tumour as well as other tissues. CasarettP) replying for Rubin, stated

that the dose of cysteamine was only 150 mg per Kg body weight,

and was below the toxic level in rats. While some tumours might

be protected by cysteamine, there is a high concentration of cyste-

amine in cartilage and it is thought that the protection given might

be useful in radiotheraphy.
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Acetamide hydrochloride, protection

in mice, 291

Acetone, radiolysis of, 47

44O

Acridine orange, photodynamic ef-

fect, 104, 123, 192

Adaptive enzyme synthesis, inhibi-

tion of, 438

- - - in repair processes, 182

5-Adenosine monophosphate and

taurine excretion, 433

Adenosine triphosphate (ATP) in ir-

radiated cells, 176, 178

- and sensitivity, 189

- leakage, 176

Adenosine triphosphatase (ATPase),

increase in spleen, 437

Adrenalin, protective effect of, 279,

296, 301

Adrenocorticotrophic hormone

(ACTH), release, 301

Aerobic glycolysis in recovery pro-

cesses, 172, 178

Age-dependence of sensitivity, mouse,
422

Age effect on survival, mouse, 151

Ageing, 225

- effect of irradiation on, 395, 400

- systemic, mammals (mouse), 328

Alanine -I- OH., 256

- irradiation of solid, 208

Alcohols, protective effect of, 290

Alcohol dehydrogenase, inactivation

of, 441,445, 448

Aldolase, inactivation of, 448

Alkaline earths in tissue, 463

Allium cepa, chemical protection

against alpha radiation, 283

Alpha radiation, bone, 472

- - kidney cell survival, 3

- - lymphoma cells, 9

- - microbeams, 220

- - mouse lymphoma cell% 21 c_ 2_5

- - RBE, 7

- - survival curves following, 180

. _..,..,_um k"-4"/ m rat ._u._, -_,a

Amidines, protective effect of, 277,

281, 291, 302

Amines, protective effect of, 290

- tissue anoxia, 296

p-Amino benzoic acid -k OH-, 261

Aminoethylisothiouronium (AET) -k

-k OH., 261

- bromide, protective effect of, 277,

302, 324, 362, 369, 424

Amino acids, in ESR work, 207

- - protection by aliphatic, 274

- - radiation effects in dry, 432

- - spleen, decarboxylation of, 434

Anaesthesia, 298, 306

- effect on tissue oxygenation, 247

- modification of radiation, damage,

23, 32

Anaphase bridges, Habrobracon,

154, 165

Aneuploidy, man. 419

Anoxia and effective LET, 10

- antigenic changes induced under,
151

- in mammals, 296, 299, 301, 305,
307

Anoxic irradiation, Drosophila, 189

Anthers, chromosome aberrations,
171

- oxygen gradient, 172

- post-treatment with carbon monox-

ide, 172

- recovery process, 173, 182

- Tradescantia, 171

Anthracene, protective effect of, 264,
268

Anthrax bacillus and LET, 8

- survival of germinated and dormant

spores, 8

- target estimations in spores, 8
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Antibiotics and gastro-intestinal

death, 458

Antioxidants, 94

Aortal intimal matrix, early response

in dog, 394

Appendix, removal of and survival in

mouse, 397

Aqueous glasses, radiolysis of, 42

Arginine + OH., 256

Argon, accelerated ions and cell

survival, 5

Arsenite, block of SH groups, 307

Artemia oocytes, 155, 165

Ascorbic acid, protective effect of,

259

Aspartic acid + OH., 256

- - irradiation of solid, 209

Auto-immune response, 321

Autolysis, mechanism of, 445

Auxin formation in animals, radia-

tion response, 434, 444

Auxotrophy, 126

Bacillus cadaveris, adaptive enzyme

synthesis in, 438

- megatherium, protection studies,

280, 284

Bacteria, protection studies, 279-285,

288, 290

Bacterial spores, protection studies,

279, 288, 290

- - survival and LET, 13

BAL in mammals, 307

Barley roots and RBE. 6

Base analogue incorporation, 115,

132

Bean roots, see Vicia

Benzene derivatives, pulse radiolysis

of, 39

- in organic radiolysis, 61,262-265,

272,274

Benzophenone, protective effect of,
268

Berberin sulphate, protection in yeast,
292

Beta radiation, internal, 473

Bile salts and diarrhoea, 453, 458

- - and mucin, 453

- - and survival, 458

Body temperature, 330

- weight, mouse, 330, 395

- - rat, 323, 325

Bone, calcium retention, 465

- damage due to radioisotopes, 381,
401

- marrow, counting cells in, 349

- - grafting, 26, 353, 358, 368

- - hamster, 338

- - iron uptake in, 350

- - man, 339

- - mouse, 241, 302, 314, 355

- rat, 472

- tumours, 382, 386, 401

Bovine haemoglobin + OH., 257

- serum albumin + OH., 257

Bragg peak, method of use, 5, 16

Brain lesions, mouse, 331

Bromide ion, radiation chemistry, 61

5-Bromodeoxyuridine and uracil,

108, 115

Burro, white cell count, 336

Calcium movement, man, 464, 466

- - rabbit, 479

- retention in bone, 465

Calf thymus nucleoprotein, 105

Canavanine sulphate, mutation in-

crease by, 173

Caprolactam, irradiation of, 79

Carbon monoxide, post-treatment of

anthers, 172

- - radiolysis of, 44, 47

Carboxylation, radiation-induced,

44, 106

Carcinogenic agents, 374

Cartilage, rat, radiation response,

474, 478, 480

Cataract formation, 307, 322, 325,

329

- induction by fast neutrons, rat, 401

Cathepsin activity in frog liver, 435

Cattle, mean lethal dose, 331

Cell cycle, see also Mitotic cycle, 221 -
233

- death, mechanism, 120

- death and mutation, 114
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- divisionafterirradiation,120
- generationtime,146,159
- populations,irradiated,120
- populationkinetics,226

Cellophanefilm,malignancyinduc-
tion,386

Centralnervoussystem,effectson,
424

Cericsulphatesolution,37
Ceriumascarcinogen,384
Chemicalprotection,254
- - andLET,16
- - in mammals,294
Cherry,biochemicaleffects in, 448

Chick, radiation killing, 24

Chimaera, dove 370

- radiation, 353, 356-359, 361,365,

367

, dog, 358, 368

Chinese hamster cells, 164, 227

- - - generation time, 146, 149

- - - and LET, 5

- - - repair after neutron irradia-

tion, l0

--- small colony formation in,

145, 149

- - - survival curves, 146

Chloramphenicol, E. coli B, 107, 174,
181

- E. coliB/r, 181, 190

- effect on point mutations, 173, 189

- yeast, 174, 187, 191

Chloride ion, radiation chemistry, 61

Chlorpromazine in mammals, 301

Chromium, radiation biochemistry

of, 303

Chromosome aberrations, anthers
171

- - Chinese hamster cells, 166, 227

- - dependence on dose rate, 159,
164

- - man, 419

- - mouse, 301

- - pig kidney cells, 139

- - regenerating liver, 102, 225,
399

- - Triticum, 140

- - Vicia, 138

Chromosome damage and survival,

13,252

- uclcuu._, _m_u_, in Drosophila,
189

- rejoining, 164

- repair of damage in, 164

- restitution, 165

- translocation, mouse, 166

Chronic irradiation, age effect, 318

- - fertility, mouse, 413, 416, 427

- - fertility, rat, 415

- - intestinal, 454

- - regenerating liver, 225

Chymotrypsin, alpha-, specificity

changes, 440

Clusters of mutations, 158

Cobalt as carcinogen, 386

Coenzyme A, inactivation of, 445

Collagen fibres from irradiated rat,
474

- irradiation of, 89

Colloidal sulphur, protective effect

of, 258, 273

Continuous radiation, see Chronic

irradiation

Corpora lutea, rat, 413

Crosslinking, 73, 85, 258, 265

- in DNA, 91

Cyclohexadienyl dimers, 66

Cyclohexane-benzene system, 262,
273

Cystamine, protective effect of, 279

Cystathionine synthesizing system,

inhibition of, 434

Cysteamine in organic radiolysis, 258

- protection in mammals, 277, 282,

287, 295, 301, 305, 325, 424, 475,

480

- protection of DNA, 265

- protective effect of, 349

Cysteinamine protection and LET,
11

Cysteine in organic radiolysis, 258,

274

- + OH., 256
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- protectioninmammals,279,282,
296

- protectiveeffectof,439
Cystineinfibrin,209
- + OH.,256
- protectiveeffectof,279
- radiationchemistry,61,258
Cytochromesystem,yeast,178,190
Cytoplasmicdamage,electronmicro-

scopeobservations,151
Cytosine,targetincell,117
Decarboxylationreaction,260
Degradationinpolymermolecules,74
DeltaraysandLET,12,14
Deuterium,isotopeeffectinaqueous

radiolysis,42
Diarrhoea,postirradiation,452,458
p-Dibromobenzene,quadrupolarin-

dicator,83
0-Dichlorobenzene,irradiatedsol-

vent,84
Dictyatestage,411
Diet,effectonsensitivity,331,395
- lowphosphorusandbonelesions,

382,386,475
Diethyldithiocarbamatein organic

radiolysis,259
Diethylenetriamine-pentaceticacid

(DTPA),protectionagainstin-
gestednuclides,382,475,479

Diffusionkineticsof threeradical
model,51

- modelofparticletrack,42
Dimerizationin polymermolecules,

73
Dimethylformamide,irradiatedsol-

vent,85,92
Dimethylsiloxane,radiolysisof,

267,269
Dimethylsulphoxide,protectiveeffect

of,277,287,290
Dinitrophenol,rat thymocytes,176
- yeast,174,186
1-4-Dioxaneirradiatedsolvent,84
Diphenylpicrylhydrazyl(DPPH),

forESR,205
Disuccinoylperoxideformation,203

Disulphidegroups,spleencontentof,
434

Disulphides,protectiveeffectof,279
Dithiocarbamates,effectinmammals

307
Divisiondelay,see Mitotic delay

- - Chinese hamster cells, 120

- - Hela cells, 163, 223

- - Vicia, 167

D-lactate, protective effect of, 439

DNAase, activation in bacteria, 108

- increased activity of, 437

DNAase I, inhibition by citrate, 108

DNAase II, increased activity in

spleen, 108
DNA base ratio, 117, 132

- content per cell, radiation killing

of seeds, 137

-- chromosome, radiation sensiti-

vity of plants, 150

- - E. coli, 179

- crosslinking, 87, 103

- effect on radiation damage, 325

- electron microscope studies, 113

- E.S.R. of irradiated, 211,213

- extraction, 103

- from T_ phage, 212

- irradiated in vivo, 103, 122

- metabolism, 106

- methods of analysis, 106

- oxygen effect on, 100

- polymerase, 218

- primer, 111

- protection by cysteamine, 261

- protection by protein, 105

- protein bond, 112

- radiation damage to, 99

- as radiation target, 14, 132

- radical attack on, 105

- in regenerating liver, 102

- replication of, 113

- super molecular, 102, 113

- synthesis, 106, 159-164, 167, 217-

224, 229

- transforming principle, 97-101,

115

Dog, aortal damage in, 394

497



SUBJECTINDEX 497

- bone damage due to radionuclides,

4O2

- bone marrow grafting, 358, 368

- carcinogenesis, 382, 384, 387
-- ¢_v_n,,loevte_. 336

- half-body irradiation, 336

- internal radiation, 468, 470, 472,
,_A _ ,,7 ,,7

*'1¢1'1"_ '1"1 /

- neutrophils, 337

- platelet size, 343

- recovery half-time, 397

- renal function, 399

Dominant deleterious factors, 416

- lethals, 154, 166

- mutations, 166

- semi-sterility, 419

Dormant spores, Anthrax, survival

of, 8

Dose distribution in the mammal, 332

Dose rate and bacterial survival, 291

- - and cell cycle, 227

- - dependence of chromosome

aberrations, 159, 164

- - due to ingested radionuclides,469

- - effects in mammals, 374, 380

- - and extrapolation number, 24,

31

- - and LET, 9

- - and mutation, 27-29, 31

- - and RBE, late somatic effects in

mouse, 400

- - and time, 20

- - and tissue anoxia, 299

Dosimeter, ferrous sulphate, 65

Dosimetry in bone, 471

Double labelling technique for cells,
161

Dove, chimaera with pigeon, 370

DPN, inactivation of reduced, 444

Drosophila, anoxic irradiation, 189

- embryos, effect of dose rate, 21, 30

- mitotic delay, 168

- mutation induction, 157, 166, 173,

186, 189

- oxygen enhancement ratio, 189

- pre-treatment with Ribonuclease,
173

- semi-sterility, 427

- small chromosome deletions, 190

-sperm, 166, 173

- spermatids, 166, 173, 189

- spermatocytes, 166, 173

- spermatogonia, 157

Dry systems, biochemical effects in,
A_o 14-2

Drying, protective effect of, 277, 286

Ehrlich ascites cells, oxygen effect,

144, 246

- - - radiation killing and ploidy,

144, 148

- - - repair after fast neutron irra-

diation, 10

- - - survival curves and implanta-

tion site, 237, 247

Electron, aquated, 38

- beams, pulsed, 36

- binding in water, 49

- free or unpaired, 196

- solvated, 36, 38, 45, 49, 50, 62

- spin resonance (ESR), 195

- - - ofbacterialspores, 290

- - - of DNA, 265

- - - of H20_ + H,O, 42

- - - of irradiated proteins, 266

Electronic polarization 49

Embryo, rat, 379

Endocrine glands, radiation response,

377, 381,386, 388

Energy transfer, 76, 81, 262

- - via excited states, 272

Enzymes, heat lability, 432

- in bone, 474

- irradiation of dry, 432

- oxygen effect in dilute solutions of,

291

- rat liver, 457

- synthesis, adaptive, in repair pro-

cesses, 188

Epiphyseal cartilage, 474

Episome, 130

Erythema, pig skin, RBE, 10

Erythrocytes, rat, 346, 355

- reactions with nitrites, 346, 348

49: 



498 SUBJECT INDEX

Erythropoietin stimulus, mouse, 240,

251

Erythrosin B, staining of rat thymo-

cytes, 174

Escherichia coli, DNA breakdown, 218

- - DNA content, 179

- - DNA crosslinking, 104, 112

- - DNA synthesis, effects of meta-

bolites and antimetabolites, 108

- - inactivation by UV, 181, 192

- - mutation induction, 129

- - protection studies, 280, 283

-- recovery, 182-187, 189-192

- - recovery after nitrogen mustard,

192

- - survival curves, extrapolation

number, 180

- - survival in absence of proline,

183

E. coli B/r, inactivation, 180, 191

- - - mutation induction, 126

- - - nitrogen mustard and irradia-

tion, 118

- - - recovery after nitrogen mus-

tard, 192

- - - suicide effect, 123

E. coli K12, mutation induction, 127

- - - mutation transmission, 133

- - - strains of, 191

Ethanol, protective effect of, 277

- radiolysis, 264

Ethylene glycol, protective effect of,

277

Ethyl ether, protection in yeast, 292

n-Ethylmaleimide (NEM), effect on

phage sensitivity, 284

- as sensitizer, 129, 278

Extrapolation number, Chinese ham-

ster cell survival curves, 147

- - definition of, 281

- - and dose rate, 22, 31

- - E. coli survival curves, 180

- - mammalian cell survival curves,

236

Fat, absorption in intestine, 452

Fatty acid, radical production in, 212

Feather quills, 209

Feeding of irradiated meat, 272

Ferrocyanide-ferricyanide-nitrous

oxide system, 69

- - - radiolysis, 46

Ferrous sulphate dosimeter, 65

Fertility, rat, 322, 324, 41 I, 424, 428

Fibrosarcoma, mouse, 474

Fish sperm, DNA of, 103

Fission yeast, 173

Flavanoids, effect on tumour devel-

opment, 306

5-Fluorodeoxiuridine, 108

Foetus, mouse, 325, 341

Food, radiation processing of, 86

Formamidine acetate, protection in

mouse, 291

Formate, radiolysis of, 48

Fractionated irradiation and oxygen

effect, 245

- - effect and LET, 9, 10

- - effect on chromosome rejoining,

164

-- effect on mammals, 367, 375,

380, 387

- - effect on mouse, 416

- - effect on mouse tumours, 245

- - effect on mutation, 28

Fracture energy, 75

Free radicals in bacterial spores, 290

Freezing, protective effect of, 277.

285, 287

Fricke solution, 37, 41

- - frozen, 48

Frog liver and spleen, 435

Fructose + OH', 256

Fruit tissues, biochemical effects in,
447

Galactose + OH., 256

Gastric secretion, 453

Gastro-intestinal death, 313

- syndrome, 451, 458

Gel formation, 258

Gene size, 100

Generation time, hamster ceils, 120

- - HeLa cells, 163

Genetic damage, 416

- hazards, 415

499
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- selection, 416

Germinated Anthrax spores, survival,
8

Giant cell formation, 424

Glomcrulosderosis, intercapi!!ary

(IGS) in mouse, 395, 404

Glucan in mouse, 357

Glucose + OH., 256

- radiolysis of, 259

Glutamic acid, irradiation of solid,
209

- - ÷OH.,256

- dehydrogenase kinetics, 439

Glutathione, irradiation of, 204

- protective effect of, 439

Glyeeraldehyde-3-phosphate dehy-

drogenase, inactivation of, 441

Glycerol, protection in yeast, 14

-protective effect of, 116, 277,

285-288, 290

- storage of bone marrow, 358

Glycine, irradiation of dry, 209, 212

- + OH., 256

- in organic radiolysis, 258

Glycyl-glycine, irradiation of, 209

Gonadotrophic hormone, 415

Gonads, radiation effect on, 409

Graft-versus-host reaction, 359, 365

Granulocytes, dog, 336

- guinea-pig, 335

- mouse, 355

- rat, 355

Greying of hair, mouse, 330

Growth rate, rat, 325

Guanidoethanesulphinic acid, 298

Guanidoethyldisulphide (GED),

protective effect of, 297, 304

Guinea-pig, granulocytes, 335

- lymphocytes, 338, 348

- neutrophils, 335

-protein metabolism disturbance,
434

- thymus, 339

Habrobracon, 154, 165

Haem-containing enzymes, radiation

splitting of, 448

Haemoglobin, action of hydrogen

peroxide on, 348

- bovine + OH-, 257

- man, 348

- mouse, 348

- rat, 26

- specificity, 355

Haemopoietic tissues, 335, 342

Hamster, bone marrow, 338

- mean lethal dose, 337

- neutrophils, 337

HeLa cells, DNA synthesis, 222

- - generation time, 163

- - mitotic delay, 139, 163, 223

- - post-irradiation division, 225

- - sensitivity in cell cycle, 222

- - synchronized, 163, 167

Histamine, taurine excretion and,

433, 443

- formation of, 260

- protective effect of,_296

Histidine in organic radiolysis, 258,
260

- + OH-, 256

Hormonal factors and age effect, 318

Human kidney cells and LET, 3, 6

- - - protection of, 280, 282, 287

H. radical, see also Water, 61-65

Hydrocarbon, radiolysis, 273

Hydrogen bonding in polymers, 89

- peroxide, 261

- - action on haemoglobin, 348

- - ESR spectra of, 42

- - radiolysis, 62

- - yield of, 60-64

- sulphide, protective effect of, 277,

290

Hydroperoxy radical, see also Water,
63

- - pK value of, 52

Hydrothermal shrinkage, 89

Hydroxy benzoic acid, radiolysis of,
65

5-Hydroxytryptamine, see Serotonin

Hyper-transfusion, 251

Hypoxia, protection in mammals,

302, 305, 316, 422

Immune response, 312, 319, 328, 359
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Immunityfactors,andEhrlich cell

survival, 149

- - in marrow transplantation, 357,
362

- - and tumour growth, 247

Immunologically competent cells, 369

Implantation sites, mouse, 426

Ingested isotopes, 463

Intercapillary glomerular sclerosis,

312, 320, 329, 395, 404

Intestinal crypt cells, mouse, 301

- death, 250, 459

- epithelium, mouse, 162

- fat absorbtion, 452

- mucosa, 370

- sodium loss, 452

- tumours, rats, 455

Intestine, local irradiation, 455

Intra-spur reactions, 68, 70

Invertase, inac*tivation of, dry, 431

Iodide ion, radiolysis of, 61, 68

Iodine, solutions of, 37

Iodo-benzoic acid, radiolysis of, 61

Iodophenetole, radiolysis of, 61

Iodophenol, radiolysis of, 61

Ionic crystals, 50

- polymerisation, 79

- processes, 263

Iron metabolism, 350

- in plasma, 344

- salt, radiolysis of, 62

- in serum, 350

- uptake, bone marrow and liver,
350

Isopropylidene group, 75

Keratin, irradiation of, 210

Kidney cells, human and LET, 3, 6

- - human, protection studies, 280,

282, 287

- - pig, 140

- - survival, alpha particles, 3

- function, oxygen effect in damage

to, 399

d-Lactate, protective effect of, 439

Lactic dehydrogenase, radiolysis of,
439

fl-Lactoglobulin, irradiation of, 86

Larvae, silkworm, 159

Late somatic effects, 400

L cells, mouse, protection of, 280, 289

, , survival, 176, 236

Lens weight, mouse, 312, 319

Lethal mutations, dominant, 154, 165

-- recessive, 154-156, 165

Leucine + OH., 256

- irradiation of dry, 208

Leukaemia induction, 374

- - and fractionation, 387

- - and labelled lymphocytes, 381

- - in man by radioisotopes, 403

- - in mouse, 375

- - separation of types, 388

- - thymectomy, 376

- - urethane, 388

Leukaemic cells, mouse, 220

- - and LET, 5

Life span shortening, age effect, 311

- - - anaesthesia, 32

- - - dose rate, 23

- - - dose and time factor, 27

- - inherited effect, 396, 405,417,

427

- - - low phosphorus diet, 382

- - - neutrons, 225, 400

- - - protection, 305-307

- - - rat, 455

- - - RBE, 387

Linear energy transfer (LET), 1

- - - and anoxia, 10

- - - Anthrax bacillus, 8

- - - calculation of average values

of, 15

- - - and chemical protection, 16

- - - Chinese hamster cells, 4

- - - and cysteamine, 10

- - - and delta rays, 14

- - - and dose-rate, 9

- - - and fractionation, 9

- - - and mitotic delay, 5

- - - and mouse leukaemia cells, 5

- - - and mutation induction, 14

- - - andoxygenenhancementratio,
11

- - - in radiation-chemistry, 35
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- - - and repair processes, 9

- - - and survival of bacterial spores,

14

- - - and survival of human kidney

cells, 3, 6

Lipids in rat liver mitochondria, 437,

443, 446

Litter size, mouse, 396

- - rat, 323, 415

Liver, abnormal mitoses in regenerat-

ing, 399

- auxin, 436, 444

- cells, embryonic mouse, 365

- cell grafts, 365

- chromosome aberrations in regen-

erating, 399

- damage due to radioisotopes, dog,
402

- DNA of regenerating, 102

- foetal mouse, 341

- frog, 435, 445

- function, rat, 399

- glycogen, rat, 456

- iron uptake, 350

- rat, 345, 460

- regeneration of, in irradiated rat,
404

- regeneration, mouse, 225, 319

Low temperature, radiolysis, 42

Lung cancer, rat, 384

- damage, rat, 398, 405

Lymph node cells, mouse, 357, 366

Lymphocytes, guinea-pig, 338, 348

- mitotic cycle, 338

Lymphoma cells, alpha radiation, 9,
220

- - culture, 224

- - DNA as radiation target, 15

- - release of RNAase in mouse, 436,
446

- - survival of mouse, 9

Lysine decarboxylase, adaptive for-

mation of, 438

- + OH., 256

- radiolysis of, 48

Lysozyme, dry, inactivation of, 433

Macromolecules, 73

Main chain scission, 73

Maize seeds, ESR in, 210

Malonic dialdehyde as agent of

damage, 291

_...... " " " estima-
_.vl_,llllllalli:l_ll (,_t::llb, Target"

tions, 11

Mammary tumours, mouse sponta-

neous, radiation control of, 244

- - rat, 377, 379, 386, 389

Man, bone marrow, 339

- calcium and strontium movement,

464, 466

- effects of ingested radium, 402,405

- genetic damage, 419

- haemoglobin, 348

- leukaemia induction by radioiso-

topes, 403

- marrow spaces, 471

- platelet size, 399

- radium induced lesions, 478

- radium ingestion, 468, 473

- radium poisoning, 467

- recovery half-time, 397

-tumours of mastoid and para-

nasal sinuses, 405

- white cell count, 336

Marrow spaces, man, 471

Maximum permissible dose, 428

Maximum permissible level, 383,

387, 403, 405

Mean lethal dose as function of age,

311, 329

- survival time (MST), mouse, 451

Meat sterilization, 270

Mechanical properties of polymers,

75, 79

Meiosis, rat, 412

Mercaptans, protective effect of, 290

Mercaptoethanol, protective effect

of, 277, 284

Mercaptoethylguanidine (MEG),

protective effect of, 297, 304

6-Mercaptopurine, 368

Mesothorium, ingested, 469

Methaemoglobin, rat, 346

Methionine in organic radiolysis, 258

- + OH., 256
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0_-Methylstyrene, copolymer, 81

Methylthiourea, protective effect of,

278

Microbeams, 220

Microsomes, effect on cell survival,

176

Mitochondria, effect on cell survival,

176

- protection by blocking, 292

- rat liver, 437, 443, 446

Mitotic cycle, lymphocytes, 339

- - sensitivity during, 157, 226

- delay, see Division delay

- - in Drosophila spermatogenesis,
168

- - HeLa cells, 139

- - and labelled thymidine, 167

- - and LET, 5

- inhibition and RBE, 13

Mixed disulphides, protection in

mammals, 297, 304, 308

Molecular amplifier, 207

- hydrogen, precursors of, 57

- products, yields of, 57, 68

Monkey neutrophils, 337

Monothiols, protection in mammals,
302

Mouse, bone marrow, and mean lethal

dose of cells, 239, 338

- - - number of cells in, 301

- chromosome translocations, 166

- fibroblasts, protection of, 280, 289

- foetal liver, 341

- haemoglobin, 348

- ingested isotopes in, 474, 477

- intestinal crypt cells, 301

- intestinal epithelium, 162

- iron metabolism, 350

- L cells, radiation killing of, 220,

237, 250

- leukaemia cells, radiation killing

of, 244

- lymphoma cells, 218, 224

- lymphoma, DNA of, 104

- mean lethal dose, 311, 329, 338

- neutrophils, 337

- plasma iron, 344

- platelet size, 349

- radium retention, 467

-semi-sterility, 156, 166

- spermatids, 157

- spermatocytes, 157

- spermatogonia, 158, 168

- spontaneous mammary tumours,

radiation control of, 244

- sterility, 157, 168

Mucin and bile salts, 453

Mutations, clusters of, 158

- dominant, 165

- E. coli, 126-131, 133

- effect of dose rate on induction,

27-31

- effect of fractionation, 28

- and fertility, 416

- increase by canavanine sulphate,
173

- induction, and LET, 14, 126

-, - Drosophila, 157, 165, 173, 187,

189

-microbiology, 126-131, 133

- recessive, 165

- recovery process, 189

- starved yeast, 174

- visible, 155, 158

- yeast, 126, 133, 174

Mutation rate, 157

- Drosophila, 172, 189

- in irradiated silkworm larvae, 29

- yeast, 173

N-ethylmaleimide (NEM), see Ethyl-
maleimide

Neutron irradiation, cataract induc-

tion, 322,401

- - chromosome aberrations, 225

- - fission, 427

- - intestinal effects, 459

- - from a nuclear detonation, 336

- - RBE, 7, 401

- - recovery following, 9, 16, 400

Neutrophils, dog, 337

- hamster, 337

- monkey, 337

- mouse, 337

- rabbit, 337
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- rat, 337

Nicotinamide, protection in rat

thymocytcs, 175

Nicotinic acid -_ OH., 261

Nitric oxide, protection in bacterial

spores, 290

- - radioiysis of, 63

- - sensitization by, 278, 290

Nitrites reaction with erythrocytes,

346, 348

Nitrogen mustard and irradiation of

E. coli B/r, 118

- - recovery of E. coli following, 192

- -Vicia roots, 138

Nitrous oxide-ferrocyanide-ferricy-

anide system, 69

- oxide protection in mammals, 298,

305, 307

- -solutions, radiolysis of, 42, 46

Nor-adrenalin, protection by, 279

N-propylbenzene, 81

Nucleases, 108

Nucleoprotein, calf-thymus, 105

- irradiation of, 265

Oestrogen biosynthesis, 379

OH- radical, see also Water, 57, 256

- - and aromatic systems, 65

- - reaction rates of, 61

- - relative rate constants, 256, 273

Oocytes, Artemia, 165

- Habrobracon, 154

- mouse, 409, 421,429

Oogenesis, 409

Oogonia, silkworm, 159

Ornithogallum virens seeds, ESR in, 209

Osteosarcoma, dog, 381-383

- mouse, 474, 477

Ova, mouse, 425

Ovarian tumours, mouse, 401

Ovary, mouse, 410, 422

Ovulation, rat, 412

Ox, protein metabolism disturbance,
434

Oxygen, antigenic changes induced

in presence of, 151

- consumption and anaesthesia, 305

- depletion by cysteine, 283

- - in tissues by radiation, 32

- effect, at cellular level, 270

- - in dilute solutions of enzymes,

- - in Ehrlich cells, 144

- - on ESR spectra, 201

-- and fractionation, Ehrlich tu-

mours, 245

- - in mammals, 330

- - in mouse leukaemia cells, 5

- - andRBE, 7

-- in transforming principle, 291

Oxygen enhancement ratio, 116, 129

- - - B. cadaveris, 439

- - - and dose level, 150

- - - in Drosophila, 189

- - - and immunity fac_rs, 149

- - - and LET, 10

- - - and ploidy, 140-144

- gradient in anthers, 171

- and protection in mammals, 296,
300

- in radiolysis of vitamins, 261

- tension, intracellular, 167

- - in kidney damage, dog, 399

-- and protection by sulphydryl

compounds, 283

- - and skin damage, 247

- - in the spleen, 296, 302,307

- - in tissues, 301,307

- - in tumour response, 245

Pachytene stage, 411,422

Palmitic acid, irradiation of, 201

P-amino benzoic acid -F OH., 261

Papain, inactivation of, 441, 445

Parakeet, radiation killing of, 24

Paramoecium aurelia, mutation in, 28

Partial body irradiation, 325, 335,

345

P-dibromobenzene, quadrupolar in-

dicator, 83

Penicillamine, irradiation of solid,

205

Pentobarbital, protective effect of,

298, 307

Pepsin secretion, rat, 453
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Peptides,irradiationofdry,432
Perhydroxyradical,37
Peritonealexudatecells,mouse, 357,

367

Peroxide radicals, 203

pH drop, effect of local, 446

- - protection by alteration of, 175

Phage, chemical protection and LET,
16

- DNA, 16

- protection of, 280, 284, 290

- T-2, ESR studies, 211

Pharmacological effect of protecting

agents, 296

Phenylalanine, radiolysis of, 259

- + OH., 256

Phosphatides of liver mitochondria,
437

Phospholipids of liver mitochondria,
443

Phosphorus-32 in rat bones, 256

Photoreactivation, E. coli, 104, 112

- yeast, 192

Photorestoration, 131

Physarum polycephalum (slime mould),
218

Pigeon, chimaera with dove, 370

- radiation killing of, 24

Pig, diet and sensitivity, 331

- kidney cells, 140

- and nuclear detonation, 336

- recovery after second irradiation,

245, 247, 250

- skin, radiation erythema and RBE,

10, 347

- white cell count, 336

Pituitary, weight reduction, rat, 424,
428

Plant, radiation sensitivity and DNA

per chromosome, 150

Plasma iron, mouse, 344

- - rabbit, 344

- - rat, 344

Platelets, mouse, 370

- rat, 349

- size, 343, 349

Ploidy, mouse tumour cells, 141, 148

- and oxygen effect, 141

- plant cells, 141, 150

Plutonium, bone damage due to, 402

- ingested, 382,469, 472,474, 479

Pneumococcus, transforming princi-

ple of, 98

"Point" mutation, Drosophila, 166

-- effect of chloramphenicol on,

172, 189

- - yeast, 127

Polar liquids, 49

Polaron, 36, 44, 49

Poly-alpha-methylstyrene, irradiation

of, 93

Polycarbonate, irradiation of, 74

Polycyclic conjugated systems, 269

Polyethylene, irradiation of, 80

Polyethylene glycol, irradiation of, 83

Polyethylene oxide radiolysis, 258

Polyethylene terephthalate, irradia-

tion of, 80, 94

Polymer molecules, 73

Polymerase sensitivity in the cell, 218

Polymethylmethacrylate, irradiation

of, 76, 78

Poly-n-alkylmethacrylates, irradia-

tion of, 77

Polyolefines, degradation of, 94

Polyphenylmethacrylate, irradiation

of, 93

Polypropylene, irradiation of, 80

Polysaccharide lagarose + OH., 257

Polyvinyl alcohol, irradiation of, 92

- chloride, irradiation of, 80, 84, 92

- pyrrolidone radiolysis, 258

Potassium bromide, radiolysis of, 61

- - dichromate, radiolysis of, 65

- - ferricyanide, radiolysis of, 64

- - iodide solution, 37

.... concentrated, 58

- - palmitate, irradiation of, 198

Pre-implantation death, 426

Primary species, 34

- - in liquid water, 43

Proline + OH., 256

- survival of E. coli B in absence of,

183

505
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n-Propylbenzene, 81

Protection against alpha radiation,

279, 283

- - - degradation, 82

x _uxo.txvix _.t
xx_xx

292

Protection by acetamide hydrochlor-

lde, '291

- - added calcium, 175

- - adrenalin, 279

- - alcohols, 290

- - aliphatic amino acids, 274

- - alteration ofpH, 175

- - amidines, 277, 279, 281, 291

- - - pyrrole derivatives, 291

- - amines, 290

- - aminoethylisothiouronium

bromide (AET), 278

- - Anthracene, 264, 268

- - aromatic groups, 75, 81

- - ascorbic acid, 259

- - benzophenome, 268

- - berberin sulphate, 292

- - colloidal sulphur, 258, 273

- - cystamine, 279

- - cysteamine, 279, 282, 287

- - cysteine, 279, 282

- - cystine, 279

- - dimethyl sulphoxide, 277, 287,

290

- - disulphides, 279

- - drying, 277, 287

- - ethanol, 277

- - ethyl ether, 292

- - ethylene glycol, 277

- - freezing, 277, 285, 287

- - glycerol, 277, 285, 290

- - hydrogen sulphide, 277, 290

- - 5-hydroxytryptamine(serotonin),

279

- - mercaptoethanol, 277, 284

- - mercaptans, 290

- - Methylthiourea, 278

- - nicotinamide, 175

- - nor-adrenalin, 279

- - pyridoxal-5-phosphate, 261

- - sodium thiosulphate, 394

- - sulphydryl compounds, 269, 277,

282, 290, 296

- - thioacetamide, 278

- - thiophene-2-carboxylic acid,291
.L: ...... I "/'7 n_o n,.o

-- -- LIIIULI£1C_O., I t I, Z,.JO, _.l O

- - tryptamine, 279

Protection of Allium cepa against

alpha radiation, 283

- - bacterial spores by nitric oxide,

290

- - DNA by cysteamine, 265

- - dilute aqueous solutions, 256

- - human kidney cells, 280, 282,
287

- - mitochondria by blocking, 292

- - mouse by formamidine acetate,

291

- - mouse fibroblasts, 280, 289

- - - L ceils, 280, 289

- - phage, 280, 283, 290

- - polymers, 81

- - Pseudomonas sp, 280

- - rat thymocytes, 280, 289

- - red blood cells, 257

- - Salmonella typhimurium, 280, 288

- - Serratia marcescens, 280, 282

- - ShigeIIa sonnei, 280

- - Staphylococcus aureus, 280, 287

- - yeast, 280, 292

Protein binding of protective agents,

3O5

- decomposition, dry, 432

- ESR observations, 209, 265

- metabolism, disturbance of, 433

Proton irradiation of invertase, 431

Protons, accelerated and RBE, 5

Prototrophy, 126

Pseudomonas sp., protection in, 280

P-terphenyl in organic radiolysis,

264, 272

Pulsed radiation, effects on Droso-

phila embryos, 21

Pulse radiolysis, 36

Purines, radiation-and photoche-

mistry, 109

- radiolysis, 132

Pyridoxal-5-phosphate, in amino-
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aciddecarboxylation,434
- ÷ OH., 261

- and taurine excretion, 433, 443

Pyridoxine, effect of witholding on

yeast survival, 178

- + OH., 261

Pyrimidines, radiation- and photo-

chemistry of, 109

- radiolysis, 132

Pyrrole derivatives and protection by

amidines, 291

Ouadrupolar indicator, p-dibromo-

benzene, 83

- nuclear resonance, 83

Quiescent centre of root tips, 242

Rabbit, ingested isotopes, 474, 479

- neutrophils, 337

- plasma iron, 344

-protein metabolism disturbance,
434

Radiation chimaera, 353-366, 368

Radical diffusion model, 51, 59

- fragment diffusion, 208

- mubility in aqueous glasses, 42

- production by UV and X rays, 209

- saturation in irradiated DNA, 213

- yields measured by ESR, 206

Radicals, in the solid phase, 201

- quenching by 02, 201

- trapped, 76

Radiolysis by electrical discharge, 48

Radionuclide damage, dog, 472

- - comparative toxicity study, 383

Radiotherapy, 248

Radiothorium, ingested, 383, 387,
469

Radium burden, maximum per-

missible level, 403, 405

- dial painters, 419

- ingestion, effects in man, 402,405,

468, 473

Radium-226, ingested, 383

Radium-228, ingested, 383

Rat embryo, 379

- erythrocytes, 346

- internal radiation, 472,474, 477

- liver, 345

- methaemoglobin, 346

- neutrophils, 337

- partial body irradiation, 344

- plasma iron, 343

- platelets, 349

- thymus, 105

- thymocytes, dinitrophenol, 176

- - protective effect ofnicotinamide,

175

- - protection in, 280, 289

- - staining by erythrosin B, 174

- - temperature effect, 175

Rate constants, for radicals from

water, 39

RBE, see Relative biological effec-
tiveness

Reactions in solid matrix, 76

Reactivation of Saccharomyces, 177,
190

Recessive lethals, Drosophila, 158

-- Habrobracon, 154, 165

- - mouse, 416, 419, 429

- - Paramoecium, 29

- - sex linked, mouse, 419

- - yeast, 126, 133

- mutations, Drosophila, 166

Recovery, see Repair

-cellular, demonstrated by dose

fractionation, 236, 248, 251

- granulocytes, 314, 329

- guinea-pig lymphocytes, 338

-half-time after whole body irra-

diation, 397, 404

- lymphocytes, 314, 329

- mammals, 306

- pig, 349

- process, anthers, 172

-- mutations, 172, 189

- processes, aerobic glycolysis, 172,
178

- - mammals, 329

Red blood cells, protection of, 257

Reduction in growth, 424

Regenerating liver, see Liver

Relative biological effectiveness

(RBE), 2

- - - of alpha particles, 4

507
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- - - of accelerated argon ions, 5

- - - of accelerated protons, 5

- - - in barley roots, 6

- - - and dose rate, 400
_ _ _ _ff_f _n,_,_'l-rn_

- - - of fission neutrons, 380, 387

--- lethality, in mammals and

uncalcified organisms, 332

- - - limiting value of, 6, 15

- - - and mitotic inhibition, 5

- - - of neutrons in pig skin, 247,

249

- - - and oxygen effect, 8

- - - and radiation conditions, 247

- - - and repair processes, 9

- - - in survival ofT-1 cells, 3

- - - in Tradescantia microspores,

7, 15

- - - in transforming DNA, 98

Renal function, see Kidney

Repair, see Recovery

- by adaptive enzyme synthesis, 188

- of chromosome damage, 164

- following neutron exposure, 9, 15

- by physiological agents, 270

- processes and LET, 9

- of radiation damage, mammals,

23, 303, 308

- of radiation damage, yeast, 178

Reproductive capacity, female

mouse, 312,409

Resorption sites, mouse, 426

Reticuloendothelial system (RES),

mouse, 357, 367

Ribonuclease (RNAase), increased

activity of, 437

- pre-treatment of Drosophila, 173

- release of, 436, 447

Ruby Maser, 207

Saccharomyces cerevisiae, protection in,
28O

Saccharomyces, reactivation of, 177,

190, 192

Salmine, irradiated dry, 267

Salmonella typhimurium, protection in,

280, 288

- - radiation response of, 191

Schizosaccharomycespombe, genetic chan-

ges in, 173

"Secondary disease", 359, 361, 365,
369

_,'_im_nf_tlnn enn_f_nt: Q9

Seeds, radiation killing in, 137, 150

Semi-sterility, 427

- mouse, 156, 166, 419

Sensitivity, changes during cell cycle,
24

Serine, irradiation of, 208

- + OH., 256

- in organic radiolysis, 258

Serotonin, protective effect of, 296,
303

- effect on taurine excretion, 279,
433

Serratia marcescens, oxygen pressure

and sensitivity, 280, 282

Sertoli cells, 413

Serum albumin + OH., (bovine),

257

- iron, 350

Sex difference in 9°Sr uptake, 479

- -linked lethals, mouse, 419, 427

- -ratio, 396, 418, 427, 429

SH compounds, see Sulphydryl

Shigella sonnei, protection in, 280, 288

Silk fibrin, 209

Silkworm, 159

- larvae, 159

- mutation rate in irradiated larvae,

29

- oogonia, 159

- spermatogonia, 159

Skin damage and oxygen tension, 247

- grafts, mouse, 360

- pig, 247, 249

Slime mould, 218

Small colony formation, Chinese

hamster cells, 144, 149

Sodium, loss from intestine, 452, 458

- chloraurate, radiolysis of, 59

- citrate, in organic radiolysis, 259

- dihydrogen phosphate in organic

radiolysis, 259

- formate, radiolysis of, 47
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- lactateinorganicradiolysis,259
- nitrite,protectioninmammals,302
- succinate,irradiationof,198
- tellurite,radiolysisof,63
- thiosulphate,protectiveeffectof,

394
Solidmatrix,reactionsin,76
Solidstateradiationeffects,443
Soluteconcentration,effectof,57
- kinetics,57
Sperm,Drosophila,166,172
- heads,salmon,92,265
Spermatids,Drosophila,166,172,

189
- mouse,156
Spermatocytes,Drosophila,166,172
- mouse,156,413
Spermatogonia,Drosophila,157
- mouse,159-161,168,413
- rat,323,325
- silkworm.159
Spermatozoamouse,413,429
Spinorientations,196
Spleencells,mouse,362
- decarboxylationofaminoacidsin,

433
- mouse,319
- nucleases,108
Splenectomyandsurvival,mouse,

397, 406

- and taurine excretion, 433, 443

Staphylococcus aureus, protection in,

280, 287

Starved yeast, mutation in, 173

Sterility, mouse, 156, 166, 312

- rat, 323

Strontium excretion, 478

- retention in bone, 465, 479

Strontium-85, movement in man,
464

Strontium-90, ingested, 383, 386,

469, 474, 477

Styrene polymerization, 79, 264

- radiolysis, 272

Subcellular fractions, effect on cell

survival, 176

Sub-excitation electrons, 58, 67

Succinic acid, radiolysis, 202, 214

- dehydrogenase from mitochon-

dria, 443

Sucrose as ESR standard, 206, 213

Suicide effect, E. coli B/r, 123

Sulphite, radiolysis of alkaline, 61

Sulphur, protection by colloidal, 269

Sulphydryl compounds, protection

by, see Protection

- groups, spleen content of, 434

Survival and bile salts, 458

- curve, shape of, 12, 123

- curves, extrapolation number,

mammalian cell, 236

-curves, human kidney cells and

LET, 3, 7, 9

-curves, tissue cells, typical, 236,
251

- of mouse following 15 MeV X rays,
394

- of mouse ]ymphoma cells, 9

Synchrony of cell cultures, 108, 163,
176

T-1 human kidney cells, survival

curves and LET, 3, 6, 9

"Target" estimations, Anthrax spores,
8

- - mammalian cells, 11

Taurine excretion, mouse, 397, 433,
443

Taurocyamine, formation in mouse,
298

Telophase abnormalities, Ehrlich

cells, 141-144, 149

Temperature effect on free radicals,
199

- - on mammalian sensitivity, 330

- - in rat thymocytes, 175

p-Terphenyl in organic radiolysis,

264, 272

Testis weight, 413

Tetrahydrofurane, irradiated solvent,
85

Thallous ion, radiation chemistry, 61

Thioacetamide, protection by, 278

Thiophene-2-carboxylic acid, pro-

tection by, 291
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Thiourea, protection by, 258, 272,

277

Thorium-228, ingested, 383

Threonine + OH', 256

Thymidine, incorporation into DNA,

221-224

-labelling of DNA, 160, 164, 167,

338, 348

-lymphocytes, labelled with, 381,
388

- mitotic delay and labelled, 167

- suicide effect, tritium, 123

Thymine, analogues of, 108

- dimer, 104, 108, 112

- suicide effect, 14C, 123

Thymocytes, rat, see also Rat thymo-

cytes, 176

Thymus, DNA, rat, 103, 105

- guinea-pig, 339

- mouse, 376, 388

- nucleoprotein of calf, 105

Thyroid hormone, 474

- rat, response of stimulated, 242

Tissue oxygenation, effect of anaes-

thesia on, 246

Tolerance, acquired, 361

- immunological, 365

- specific, 369

Tomato inflorescence, 155

Tradescantia, root tip cells, 162

- anthers, chromosome aberrations,
171

- microspores and RBE, 6, 15

Transaminase in fruit tissues, 448

Transforming principle, DNA, 98,
115

- - oxygen effect in, 291

- - RBE in radiation damage of, 99

Triethylenemelamine, effect on Vicia

roots, 138

Trillium, microsporocytes, 168

Tripalmitin, irradiation of, 200

Triphenyl methane, radiolysis of, 256

Triplet state of water molecules, 68
Triticum, chromosome aberrations

in, 140

Trypan blue, protection studies, 301

- - carcinogenesis, 386

Tryptamine, protective effect of, 279

Tryptophan + OH., 256

- in organic radiolysis, 209, 258

Tumour, host systems, 243

Tumour induction, 307

- - of mastoid and para-nasal sinu-

ses, man, 405

- - by plutonium, dog, 402

- - by radionuclides, 469, 474

- - rat, 455

- - in viscera, 459

Tyrosine level in rat serum, 457

- + OH., 256

- in organic radiolysis, 258

Ultraviolet light (UV) and X-radia-

tion, 116-134

- - as carcinogen, 374

- - effect on lactic dehydrogenase,
439

- - inactivation ofE. coli, 182, 191

- - and ionizing radiation, 220, 227

- - photoreactivation of yeast follow-

ing, 190

Unpaired electron, 195

Urea in organic radiolysis, 259

Urethane effect on homograft reac-

tion, 368

- post-radiation treatment, 377, 388

Valine, irradiation of solid, 208

- + OH., 256

- in organic radiolysis, 258

Vicia faba, chromosome aberrations,

138

- - division delay, 167

-- effect of triethylenemelamine,

138

- - roots, nitrogen mustard, 138

- - - quiescent centre, 242

Vinylchloride, irradiation of, 94

Vinylpyridine reactions, 62

Viscera, tumour induction in, 459

Visible light, photorestoration, 133

- - Acridine orange and, 123, 190

Visible mutations, Habrobracon, 154

- - Drosophila, 157, 165

B-Vitamins, radiolysis of, 260
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Vitamin K deficiency, 270

Vitamins, radiolysis of, 260

Water, ESR work on pure, 204

- flash photolysis of, 40

- radiolysis, 37-39, 57

- soluble polymers, 258

Weight loss, in succeeding genera-

tions, 418, 428

- of the newborn, 415

- of the testis, 413

White cell count, burro, 336

- - - man, 336

- - - pig, 336

White ceils, radiation chimaera, 370

Yeast, acridine orange and visible

light, 191

- blocking of mitochondria in, 292

- budding cells, 123

- comparison of various radiations,

123

- cytochrome system, 178, 190

- effect of chloramphenicol, 187

- effect of dinitrophenol, 186

-effect of witholding pyridoxine,

178

- glycerol protection and LET, 14

- mutation induction and LET, 14

- mutation rate, 173

-nitrogen mustard pre-treatment,
119

- photoreactivation, 191

- protection in, 290

- reactivation, 178, 190-192

- vegetative cells, 123

Yttrium-90, 455, 460

Zygote, radiation sensitivity of, 413

Zymosan, 357
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